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Based on the learning theory of David Ausubel, an experimental 

introductory college physics course in electromagnetism was organized 

and taught to students of science and engineering. Four equivalent 

groups of students, forming two pairs of experimental-control groups 

participated in the study. One of these pairs was taught under a self-

paced format and the other under a traditional lecture approach. 

According to Ausubel's theory, the most inclusive, most general 

ideas, phenomena, and concepts should be presented early in instruction 

to serve as conceptual "anchorage" for subsequent learning. Following 

this principle, Maxwell's Equations and inclusive concepts such as 

electromagnetic force and electromagnetic field were introduced, in the 

experimental groups, at the beginning of the course in order to serve as 

basis for subsequent presentation of electric and magnetic phenomena • 

The control groups followed a traditional content organization found in 

most textbooks on the subject, which starts with electricity, followed 

by magnetism, and ends with electromagnetic phenomena and the Maxwell 

Equations. 
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Traditional ach l evement measures and concept association tests 

were used to search for d ·ifferences, that could arise from the two dif-

ferent organizational app roaches, in terms of the student's ability to 

apply, relate, differentiate and hierarchically organize electromagnetic 

concepts. 

No significant differences in achievement were found in terms of 

traditional measures such as unit-tests, quizzes and exams. However, 

in terms of concept learning there was evidence that the Ausubelian 

approach fostered concept differ ·entiation, relatedness and meaningful 

hierarchical organization to a greater extent than the traditional 

approach, specially in the self-paced program comparisons. 

These results are both consi -tent with and supportive of Ausubel's 

theory and provide evidence that lhis theory is use ful for physics 

instruction and for research in physics education . 
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Chapter I 

1NTRODUCTION 

This study was conducted in Brazil during the first semester of 1976 

in a college physícs course. Thís course, Physi.cs 11, ís the second one 

of a s equence of three one-semester courses in General Physics offered by 

the Department of Physícs of the Federal University of Rio Grande do Sul, 

Brazil, to students of science and engineering. The content is electric

i ty and magnetism a t the level of "Physics" by D. Halliday and R. Resnick 

(1966) and the prerequisites are one semester of calculus (derivatives 

and integrals) and one semester of physics (mechanics). Enrollment ranges 

from 300 to 500 students each semester • 

We have been involved with this course since 1967, either as a 

teacher or coordinator. During this time several experiments, some con

trolled and some not, were carried out in the search of better solutions 

to the big teaching-learning problems involved in such a course. To 

some extent, this study is both a continuation and a result of such 

efforts. 

Although we have always faced the usual logi.stic and administrative 

difficultíes found in a large course like this, they can hardly be used 

as a major reason for the teaching-learning problems observed. As a 

matter of fact, we believe that even if these difficulties were completely 

- 1 -
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overcome, we would still have problems as long as other more important 

aspects of the course were not given attention. Thus, our first efforts 

were directed to what we thought was the major problem: the teaching 

method. 

In 1967, the basic teaching format was lectures for large groups 

(120 stud ents) and problem solving and laboratory sessions for small 

g roups (20 students). The articulation between the lectures and the 

small sessions was difficult; attendance at the lectures was low; achieve

ment índices were low and students' complaints were high. Under such 

circumstances, we changed to a new teaching mode where the same teacher 

was in ~harge of all classes (lectures. problem solving and laboratory) 

of a group of 40 to 50 students. This approach represented some improve

ment over the previous one, but it br ought new problems, e.g., different 

achievement criteria among teachers, and did not solve most of the old 

difficulties. 

The next trial, in 1969, was a " s mall - group-guided-study" method 

(Moreira, 1975). In this method, in each cl ~1 ss a group of 40 to 50 stu

dents was divided into small groups of 4 to 5 students, and each group 

recei ved a study-guide containing indicat ions about sections of the text

book to be read, questions to be answered and problems to be solved by 

the group. Sometimes the group work was preceded by a brief introduction 

made by the teacher. During the class, the teacher acted mostly as a 

facilitator. At the end of the class, each group presented a written re

port which was evaluated and returned to the group with an answer sheet 

in the next class. Laboratory experiments were performed under the same 

scheme. Course evaluation was carried out throug~ individual quizzes anq 
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t he daily wor k of the group. This method was first tried in a small 

scale and, later on, progressively extended to all sections of the Physics 

II course with greater success than the previous methods (Moreira and 

Costa, 1971; Moreira, 1972). The number of students passing the course 

increased and the achievement level was at least equal to previous semes

ters. Students' complaints were reduced to a minimum, and the method was 

eventually extended to other discipl ines where it is still being used 

today with slight modifications. In the Physics II course, it was used 

until 1972, but, due to the initial successes, almost all other instruc

tional practices were abandoned in favor of this new method. As a con

sequence, it became monotonous and boring. Furthermore, instructional 

materia i s were not truly modified from one semester to another and students 

started to use answer sheets from previous semesters to do their work in 

each class. In addition to this, our dissatisfaction with student under

standing of physical phenomena and concepts reappeared after a brief period 

of enthusiasm with this approach. 

Considering that the small group method was some sort of half-way 

between group and individualized instruction, the next natural method to 

try would be a self-paced method. Fortunately, in 1972 we had the op

portunity to have contact with the Audio-Tutorial Approach to Learning 

(Postlethwait, Novak and Murray, 1972) at Cornell University, where it 

was being used in a large introductory physics course. We also had, in 

February 1973, the opportunity to attend a workshop on the Personalized 

System of Instruction (PSI) (Keller, 1968) held at the University of 

Brasília, Brazil. During this workshop, we prepared the written materiais 

of our first PSI course. 
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The course was taught in the first semester of 1973 to a group 

of 48 students of the Physícs II course. The success in terms of stu

dents, proctors and teacher satisfaction was remarkab1e (Moreira, 1973). 

Almost a t the s ame time, we started a sma11 sca1e experiment with the 

Audio-Tutorial Approach to Learning (AT) which was a1so very successful 

(Mor e ira and Levandowski, 1974). As a consequence of these good results, 

both the AT and PSI se1f-paced formats were progressive1y extended to a 

larger number of students with emphasís on the last one because it did 

not depend so heavi1y on equipment and specia1 faci1ities. 

With individua1ized instruction, students' attitudes toward the 

course were highly satisfactory; the passing index was 1arger than in 

previous courses; and a contro1led experiment (Dionísio and Moreira, 

1975) indicated that, in terms of achievement, students under PSI were 

doing at lcast as well as those in non-PSI sections of the course . 

By the second semester of 1974, we were operating fu11 sca1e: 

a1most 300 students were under PSI and an AT learning center with 15 

carre1s was availab1e as an additiona1 instructional resource. However, 

in such a large sca1e, besides 1ogistic difficulties, we also faced other 

problems such as shortage of good proctors, cheating and rote memoriza

tion of test nnswers (Moreira, 1976). Consequently, the number of 

students under PSI was decreased in the fo11owing semesters. Today, al

most four years after the first experiment with PSI, it is being used 

with only two sections (approximate1y 100 students) of the Physics II 

course. In a sma11 scale, PSI is certainly the best instructiona1 method 

that we've tried in this course so far. Both PSI and AT were a1so used in 

other courses in our Department with very good resu1ts in a small scale. 



- 5 -

Severa1 studies concerning these two methods were conducted in the 

Department (e.g. , Levandowski, 1975; Buchweitz, 1975; Dionísio, 1975). 

In general, these studies tend to favor individualized instruction in 

comparison to group instruction, but nane of them provide sufficient 

evidence to c1aim a superiority in terms of concept learning in physics. 

Studies conducted e1sewhere a1so fai1 to provide such an evidence (Moreira, 

1973). 

One of those experiments, however, has motivated the present study , 

more than the others. In the first semester of 1974 we carried out a 

retention study (Moreira and Dionísio, 1975) comparing PSI and group in-

struction. A retention test was administered to two matched groups three 

and six months after they had taken the Physics li course, either under 

group or individualized instruction. We expected that PSI wou1d resu1t in 

greater retention than in group instruction but no significant dif f erences 

were found. 

Having discarded possib1e exp1anations for the 1ack of significant 

differences such as mortality, instrumental or history effects, and given 

our acquaintance with Ausube1 1 s Learning Theory (Ausube1, 1968) we pre-

ferred to interpret the results in terms of this theory: in spite of 

well defined differences in the instructional approaches, the content 

sequence was exactly the same, not emphasizing concept learning, not 

fostering concept differentiation and not attempting to match new learning 

d ' . . i . 1 to stu ents ex1st1ng cogn t1ve structure. 

1. The term cognitive structure represents, in Ausubel's theory , a 
framework of hierarchically organized concepts, where concepts are the in
dividua1's representation of sensory experience (Novak, 1977). 
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In such a case, it would be unlikely that PSI , just be cause the con

tent was divided into small uni ts and positive reinforcement was 

given, would result in a híghe r degree of content retention. 

Thus, we decided to carry out a study to investigate the effect 

of an experimental approach to t he content organization of the Physics 

l i course based on Ausubel's learning theory in comparison to the con

ventional approach based on the textbook (Halliday and Resnick, 1966). 

As we still believe t hat PSI is a -;aluable approach, it was chosen as 

the instructional method for both experimental and control groups. In 

addition, two lecture groups were also used as experimental and con-

trol for further investigation on the effect of the new content organiza

tion. · Basically, this "experimental" content organization consisted in 

starting the course with the more general phenomena, concepts and equa

tions of electromagnetism and progressively differentiating them as the 

course developed. Thus, concepts like electromagnetic force and electro

magnetic field as well as Maxwell's Equations were introduced at the very 

beginning of the course. Consequently, since the beginning electricity 

and magnetism were seen as particular instances of electromagnetism. 

As this content organization is based on Ausubel's theory, we 

believe that, before going into further design details, some essential 

features of this theory , which is the main theoretical framework of 

this study, must be introduced. 



Chapter II 

THE LEARNING THEORY OF DAVID AUSUBEL 

It would be an ambitious task to attempt to describe Ausubel's 

theory (1968) in a single chapter and the result would probably be only 

a rough approximation, unfair to the relevance of this theory. However, 

as this theory plays a central role in this study and also because we 

think that it is potentially relevant for physics instruction in general, 

we feel that at least some basic features of this theory should be dis

cussed here. Thus, what follows is neither a complete description nor 

a summary of Ausubel's theory, but rather a partia! description of this 

theory. A comprehensive interpretation of such a theory can be found 

in "A Theory of Education" by J. D. Novak (1977). 

II-1 Meaningful and Rote Learning 

Ausubel distinguishes between meaningful and rote learning. Meaning-

ful Jearning is a process in which new information is related to an existing 

relevant aspect of an individual's knowledge structure. That is, this pro

cess involves the linkage of new information with a specific knowledge 

structure, which Ausubel defines as subsuming concepts or subsumers, existing 

in the individual's cognitiva structure. In physics, for example, if the 

concepts of force and field already exist in the learner's cognitive structure, 

- 7 -
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they serve as subsumers for new information concerning a certain type 

of force and field, e.g., the electromagnetic force and field. Thus, 

during meaningful learning, new information is associated with existing 

relevant subsumers in cognitive structure. This association, in turn, 

results in further growth and modification of the existing subsumer. 

Thus, subsumers can be relatively large and well developed or they may 

be limited and poorly developed depending on the frequency that meaning-

ful learning occurs in conjunction with a given subsumer. In our 

example, an intuitive idea of force and field would serve as subsumer 

for new information concerning the gravitational, electromagnetic and 

nuclear forces and fields. However, if these specific concepts are 

meaningfully learned in association with the existing general concepts 

of force and field, the result is growth and modification of these 

latter concepts in the sense that they are now more elaborated, more 

inclusive, more capable of subsuming new information. In such a case 

they will be even more efficient as subsumers for any other specific type 

of force and field or related concepts. 

Rote learning occurs when relevant concepts, or subsuming concepts 

do not exist in the individual's cognitive structure. In such a case, 

new information must be arbitrarily stored in the cognitive structure, 

that is, it is not linked with existing concepts or, in other words, it 

is rotely learned. This does not mean that rote learning tasks are mastered 

in a cognitive vacuum. They are relatable to cognitive structure but only 

• in an arbitrary fashion that does not result in acquisition of meanings • 

(Meaningful learning, on t h e other hand, refers to the process of acquiring 

meanings from the potential meanings, presented in the learning task.) 



- 9 -

An obvious example of rote learning in physics, is the rote memorization 

of formulas, but our previous example can be used again: if the general 

ideas of force and field were not available in the learner's cognitive 

structure, he could only rotely learn that an electric charge generates 

an electric field that exerts a force on a second charge placed in such 

a field. He could memorize this, but, according to Ausubel, it would not 

result in acquisition of meanings. 

The distinction between rote and meaningful learning, however, is 

not to be confused with the distinction between reception and discovery 

learning. According to Ausubel, in reception learni ng the entire content 

of what is to be learned is presented to the learner in final form, whereas, 

in discovery learning, the principal content of what is to be learned is 

not given, but must be discovered by the learner. However, after discovery 

learning itself is completed, the discovered content is made meaningful in 

much the same way that presented content is made meaningful in reception 

learning. Thus, each distinction (rote versus meaningful and reception 

versus discovery) is an independent dimension of learning as illustrated 

in Figure II-1, and, contrarily to the widespread belief that reception 

learning is invariably rote and that discovery learning is necessarily 

meaningful, both reception and discovery learning can be either rote or 

meaningful, depending on the conditions under which learning occurs. In 

both instances meaningful learning takes place if the learning task can 

be related, in nonarbitrary fashion, to what the learner already knows, 

and if the learner adopts a corresponding learning set to do so. Rote 

learning, on the other hand, occurs if the learning tas~ consists of 
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purely arbit rary associations, if the learner lacks the relevant sub

sumers, l. e ., the relevant prior knowledge necessary for making the 

l earning task potentially meaningful, or if the learner is merely pre

disposed to internalize it in an arbitrary fashion. 

From the above discussion, we can see that meaningful learning 

which i s t he most central idea in Ausubel's theory presupposes both that 

the learner manifests a disposition to relate the new material non

arbitrarily to his cognitive structure, and that the material is potentially 

meaningful to him, i.e., relatable to his cognitive structure. Supposing 

then, that the learner manifests such a disposition but lacks the relevant 

subsumer s (the material in such a case is not potentially meaningful to 

him), how could meaningful learning be made possible? This question could 

also be phra s ed as: How are subsumers generated? 

According to Novak (1977), rote learning is always necessary when 

an individual a cquires new information in a knowledge area completely un

related to what he a lready knows. That is, rote learning must occur until 

some elements of knowledge, relevant to new learning on a given subject, 

exist in the cognitive structure to provide potential for meaningful 

learning. Ausubel would recommend the use of advance organizers that 

would serve to ancho r new learning and lead to the development of a sub

suming concept which could facilitate subsequent learning. 
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II-2 Advance Organizers 

The use of organizers is a major strategy advocated by Ausubel in 

his book for deliberately manipulating cognitive structure to facilitate 

meaningful learning. Organizers are appropriately relevant and inclusive 

introductory materiais that are introduced in advance of the learning 

material itself. Contrarily to summaries and overviews, which are or-

dinarily presented at the same level of abstraction, generality and in-

clus iveness simply emphasizing the salient points of the material, organizers 

are presented at a higher level of abstraction, generality, and inclusiveness. 

Organizers are s e lected on the basis of their appropriateness for explaining, 

integrating, and interrelating the material they precede. 

The following excerpt from Ausubel's book (1968, pp. 148-149) will 

make more clear the function of organizers: 

In short, the principal function of the organizer is ~ 
bridge the .82.E. between what the learner already knows and what 
he needs to know before he can successfully learn the task at 
hand. The function of the organizer is to provide ideational 
scaffolding for stable incorporation and retention of the more 
detailed and differentiated material that follows in the learning 
passage, as well as to increase discriminability between the 
latter material and similar or ostensibly conflicting ideas in 
cognitive structure. In the case of completely unfamiliar material, 
an 'expository' organizer is used to provide relevant proximate sub
sumers. These subsumers, which bear a superordinate relationship 
to the new learning material, primarily furnish ideational anchorage 
in terms that are already familiar to the learner. In the case of 
relatively familiar learning material, a 'comparative' organizer is 
used both to integrate new ideas with basically similar concepts in 
cognitive structure, as well as to increase discriminability between 
new and existing ideas which are essentially different but confus
ably similar .... 

In physics, for example, when introducing the learner to a new sub-

discipline llke electromagnetism, a general discussion about physics, 
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situating this new area in the whole context of the discipline, would 

serve as an advance organizer for the new information. In the same way, 

a general discussion about the concepts of force and fíeld emphasizíng 

the instances of such concepts already existing in the learner's cog-

nitive structure (e.g., gravitational force and fíeld) would be an 

organizer (somewhat "comparative") for the concepts of electromagnetic 

force and field. It should be emphasized, however, that in these examples, 

the organizers would function as cognitive bridges between some relevant 

subsumers already existíng in the learner's cognitive structure and the 

new information. The point is that organizers would facilitate only the 

learníng of potentially meaningful material, i.e., relatable to the 
I 

learner's cognitive structure. 

II-3 Assimilation and Obliterative Assimilation 

In order to account more explicitly for the acquisition, retention, 

and organization of meanings in cognitive structure, Ausubel introduces 

what he calls the principie of assimilation, which is represented 

symbolically as: 

New, potentially Related to and Established idea in Interaction 

meaningful idea ____. assimilated by--> cognitive structure __. Product 

a A A' a' 

Thus, assimilation is a process that takes place when a potentially 

meaningful concept or proposition a is subsumed under a more inclusive 

established idea or concept in cognitive structure as an example, extension, 

elaboration, or qualification of the established idea or concept. As 
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suggested in the above diagram, the 11 ew meaning a ' that emerges when ~ 

is related to and interacts with A i1 this way is the interactional pro-

duct a 'A'. That is, not only the new ~otentially meaningful idea ~ but 

also the established idea A, to which it is related, is changed by the 

interaction. Furthermore, both interactional products a' and A' remain 

in relationship with each other as linked co-members of a new composite 

ideational unit {i.e., a modified subsumer) a 'A'. This is the funda-

mental basis of Ausubel's assimilation theory. 

For example, if the new potentially meaningful concept of nuclear 

force should be learned by a student who already has the concept of force 

well established in bis cognitive structure, this new concept would be 

subsumed under the more inclusive concept of force. However, given that 

this type of force is a short-range f orce (in opposition to other types 

which are long-range), not only the concept of nuclear force would acquire 

mcaning for the student, but also the established concept of force would 

b modified by increasing its inclusiveness (i.e., now the concept of 

f o rce would include also short-range forces). 

Ausubel suggests that the assimLlation or anchoring process probably 

has a general facilitating effect on retention . Howev er , to explain how 

new1y assimilated meanings actually become available during the retention 

per i >d, he assumes that, for a variable period of time , they are dissociable 

fron. their anchoring ideas, and, hence, reproducible as individually identi-

fiab le entities. This is sch~ : atically represented as: 

A'a' ~A'+ a' 
~ 
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Th t is , the newly l earned and a ssimil ated meaning a', which is 

th e l e s s s t able co-member of the interactional product A'a', is initially 

dis s ociab l e from the anchoring idea A', i.e., the interactional product 

A'a' dissociates into A' anda'. 

Ausubel also contends that the assimilation process besides ac-

counting for the superior retention of meaningfully learned ideas, also 

implies a plausible mechanism for the subsequent forgetting of these 

ideas, i . e ., the gradual reduction of their meanings to the meanings of 

the cor responding anchoring ideas (1968, pp. 93-94): 

Thus, although the retention of newly-learned meanings is 
e nhanced by anchorage to relevant established ideas in the learner's 
cognit i ve structure, such knowledge is still subject to erosive in
f luence of the general reductionist trend in cognitive organization. 
Because it is more economical and less burdensome merely to retain 
the more stable and established anchoring concepts and propositions 
t han to remember the new ideas that are assimilated in relation to 
t hem, the meaning of the new ideas tends to be assimilated or re
duced , over the course of time, to the more stable meanings of the 
established anchoring ideas. Immediately after learning, therefore, 
when this second or obliterative stage of assimilation begins, the 
new ideas become spontaneously and progressively less dissociable 
from their anchoring ideas as entities in their own right, until 
they are no longer available and are said to be forgotten. When 
the dissociability strength of a' falls below a certain criticai 
level (the threshold of availability), it is no longer effectively 
disso iable from A'a' (in other words, is no longer retrievable). 
Eventually zero dissociability is reached, and A'a' is further 
reduced to A', the original idea .••• 

Forgetting is t hus a continuation or later temporal phase of 
the same assimilat i ve process underlying the availability of newly 
learned ideas. And the same nonarbitrary relatability to a rele
vant established idea i n cognitive structure that is necessary for 
meaningf ul lea rning o f new idea, and that leads to its enhanced 
r e tenti on through the pr cess of anchoring the emergent meaning 
to that of the established idea, provides the mechanism for most 
!ater f orgett i g •.. . 

Unfortuna t ely, ho ev er, the advantages of obliterative 
assimil a tion for cogni tL e functioning are gained at the expense 
of los i ng the different iated body of detailed propositions and 
specific information t ha t constitute the flesh, if not the skeleton, 
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of a ny body of knowledge. The main problem of acquiring the 
content of an academic discipline, therefore, is counter
acting the inevitable process of obliterative assimilation 
that characterizes all meaningful learning .• 

It should be pointed out, however, that the occurrence of oblitera-

tive assimilation as a natural continuation of the assimilation process 

itself do es not mean that the subsumer returns to its original form prior 

to the subsumption: the residue of the obliterative subsumption is A', 

the more stable co-member of A'a' , which is the subsumer modified as a 

consequence of the interaction. Another important remark concerning the 

process of assimilation is that to describe this process in terms of a 

single interaction Aa' is an over-simplification. As pointed out by 

Ausubel, to a lesser extent, the new learning item also forms additional 

int erac tional products with other ideas, the amount of assimilation in 

,,n i• La s e being roughly proportional to a gradient of relevance. 

II-4 Progressive Differentiation and Integrative Reconciliation 

As meaningful learning occurs the subsuming concepts are developed, 

elabora t ed and differentiated as a consequence of the successive inter-

actions. However, concept development proceeds best when the most general, 

most inclusive elements of a concept are introduced first, and then the 

concept is progressively differentiated in terms of detail and specificity 

(Novak, 1977). According to Ausubel, this progressive differentiation 

should be used when programming subject matter, i.e., the most general and 

inclusive ideas of the discipline should be presented first, and, then, 

progressively differentia ted in terms of detail and specificity. 



• 

/ 

' 

- 17 -

However, programming of subject matter must not only provide for 

progressive differentiation, but must also explicitly explore relationships 

between propositions and concepts, to point out significant similarities 

and differences, and to reconcile real or apparent inconsistencies. This 

must be dane to achieve what Ausubel calls integrative reconciliation. 

As we said at the beginning, this chapter is just a partial descrip

tion of Ausubel's theory, but we trust that at least some basic features 

were highlighted. Further references to his theory in the following 

chapters will, hopefully, add breadth and depth to this description. For 

example, progressive differentiation and integrative reconciliation will 

be discussed in detail in Section III-2 where these principles are relevant 

in understanding the differences between the two content approaches used 

in this study. 



Chapter II I 

DESIGN 

This experiment was designed to be carried out in a real classroom 

situation, in a real course, that is, witho ut artificial experimental 

conditi ons . 

Four gr oups of students, which were f ot1r regular sections of the 

Physics II course, participated in the exper í ment. These groups formed 

t wo pa irs of experimental-control groups, one under the PSI mode of 

instruction, and the other under a lecture appr oach. We were in charge 

of the PSI groups and a colleague of ours who i s the best lecturer of 

our group, was in charge of the lecture groups. Thus, in each of these 

pairs, the teaching method and the teacher were the sa~e. In addition, 

the evaluation practices and the grading system, which were the usual 

ones of the course, were also the same for each pair, as well as the 

conteDt of the course. The ma in difference w~ s the conceptual organi

zation and sequencing of t he content. 

The experiment was car ried out during one regu l ar semester, and 

association tests were used a s i nstruments to look for differences in 

the way students relate and organize the ba.sic concep t s of electricity 

and magnetism as a resul t of the conceptual apprc ach of the course. 

Word association, numerical concept association and graphical concept 

association tests were adml nistered to the four groups at the beginning, 
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at the middle and at the end of the course. A different test was used 

to look for differences in students' laboratory performance. 

tests will be discussed in Sections III-5 and III-6.) 

III-1 The Samples 

(All these 

Samples were not randomly selected. Students are free to enroll 

in any of the eight sections of Physics Il, but, once they are enrolled, 

no changes can be made. They are not aware of which teacher will be in 

charge of a certain section, nor of which method will be used in this 

section. The major factor determining preference for a certain section 

seems to bc the convenience of the schedule for the student. For example, 

students who have a job tend to prefer evening schedules. 

Given this schedule preference, care was taken to have each pair 

of experimental-control groups under the same schedule range. The PSI 

groups had afternoon classes and the lecture groups had evening classes. 

In addition, a physics pretest was administered and data was collected 

concerning severa! variables, which had been shown to be relevant in 

previous studies, to assess to what extent the samples in each pair were 

equivalent or different. These variables are: a) if the student is re

peating the course, i.e., if the student failed in a previous semester 

and is now retaking the course; b) if the student is working besides 

studying or not; c) the number of hours of work per week for working 

students; d) the number of courses that students are taking besides 

Physics II; and e) the year the student entered in the university. 
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The statistical analysis of the data collected concerning these 

variables (not necessarily ranked) for each pair of experimental-control 

groups, i.e., not across pairs, shows the following: 

Physics pretest: A 24-item physics pretest on the content of 

mechanics (the prerequisite) was administered to all four groups before 

any instruction. The split-half reliability of this test is .74. Means 

and standard deviations are presented in Table III-1; no significant 

differences were found at the .OS 1evel of significance. 

Number of 

TABLE III-1 

PHYSICS PRETEST RESULTS 

Standard 
Students Mean Deviation F r a tio t Se ore 

Group (N) (M) (SD) (F) (t) 

E1 (PSI) 38 13.34 4.24 

* * C1 (PSI) 36 12.81 4.13 1.06 .54 

E2 (Lecture) 38 11.24 3.28 

* * C2 (Lecture) 27 10.96 4.00 1.49 .31 

* p ;>.os, two-tai1ed hypothesis. 

Average number of courses: This was a point of concern because 

our previous experience indicated that this variable has an effect on 

student's performance. For examp1e, students taking too many courses, at 

the same time, tend to do on1y the minimum necessary to pass the courses. 

In spite of being advised, some students take as many as 9 or 10 courses . 
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per semester. This fact is reflected in the relatively high averages 

presented in Table III-2. This table presents the average number of 

courses, inc1uding Physics II, taken by the students involved in the 

study. No significant difference was found at the .OS 1ev e1 . 

TABLE III-2 

AVERAGE NUMBER OF COURSES 
TAKEN BY THE STUDENTS 

Group N M SD 

El (PSI) 38 6.74 1. 35 

Cl (PSI) 36 6.19 1.49 

E2 (Lecture) 38 5.74 1. 95 

C2 (Lecture) 27 S.30 1.41 

* p > . OS, two-tailed. 

Number of students repeating the course: 

F t 

* * 1.22 1.67 

1.92* 1.oo* 

It is obvious that 

different proportions of students repeating the course in the samples 

could have an effect. Students retaking the course because they failed 

in the previous semester, at 1east have some familiarity with the con-

tent of the course, the method, the evaluation procedures, and so on. 

Tables III-3 and -4 are 2x2 contingency tab1es showing the frequencies 

of repeating and non-repeating students in each samp1e. Given the sma1l 

frequencies found in Tab1e III-3, the "Fisher exact probability test" 

(Spiegel, 1956) was used in this case. A chi-square test was used in 

Table III-4. In both cases no significant differences were found. 
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TABLE III-3 

NUMBER OF STUDENTS REPEATING AND NOT REPEATING THE 
COURSE IN THE PSI GROUPS 

Repeating Not Repeating 
Physics II Physics !I 

Group El 4 34 38 

Group Cl 3 33 36 

7 67 74 

* Fisher exact, one-tailed. 

TABLE III-4 

NUMBER OF STUDENTS REPEATING AND NOT REPEATING THE 
COURSE IN THE LECTURE GROUPS 

Repeating Not Repeating 
Physics II Physics !I 

Group E2 10 28 38 

Group C2 7 20 27 

17 48 65 

* p > .05, two-tailed. 

* p .52 

x..2 .o6* 

Number of students working besides studying: This is also an 

important factor in determining student's performance in the course. One 

obvious reason being the fact that a student who has a job has less time 

available to study. Some of them barely have time to attend the classes. 



~-

- 23 -

Tables III-5 and -6 show the frequencies of working and non-

working students in each samp1e and Tab1e III-7 presents the average 

number of hours of work per week among working students. No signifi-

cant differences were found within a given pair. 

Group E2 

Group C2 

* p > .05, 

TABLE III-5 

WORKING AND NON-WORKING STUDENTS 
IN THE PSI GROUPS 

Working Not Wo r king 

20 18 38 

18 9 27 

38 27 65 

two-tai1ed. 

x2 * . 77 
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TABLE III-7 

AVERAGE NUMBER OF HOURS OF WORK PER WEEK 
AMONG WORKING STUDENTS 

------- - ---

Group N M SD F 
---

El 11 26 .36 10.98 

Cl 9 25.00 12.09 1.21 

E2 20 32.50 10.31 

C2 18 30.61 8.51 1.47 

* p > . OS, two-tai1ed. 

t 

* * .26 

* .61 * 

Ye~f admission to the University: The study was carried out in 

the first semester of 1976, in a course designed for second year (or 

third semester) students of engineering and science. Consequent1y, stu-

dents enro1led in the course shou1d have been admitted to the University 

in 1975. As previous1y observed, students who fall behind, for one 

reason or another, tend to have a poor perfonnance in the course. Thus, 

if the samp1es had different proportions in the number of s tudents ad-

mit ted in 1975 or in previous years, this would be a point to consider. 

The frequencies of "1975-students" and "before-1975" are presented in 

Tabl es IIT-8 and -9. No significant differences were found • 
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TABLE III-8 

YEAR OF ADMISSION TO THE 
UNIVERSITY; PSI GROUPS 

Admitted 
in 1975 

31 

29 

60 

Admitted 
before 1975 

7 

7 

14 

p > .05, two-tailed. 

Group E2 

Group C2 

* 

TABLE III-9 

YEAR OF ADMISSION TO THE 
UNIVERSITY; LECTURE GROUPS 

Admitted Admitted 
in 1975 before 1975 

18 20 

17 10 

35 30 

p ) .05, two-tailed. 

38 

36 

74 

38 

27 

65 

x.2 

* .03 

* .98 

Sumrning up, four samples of students of science and engineering, 

forming two pairs of experimental-control groups, were used in the study. 

One of these pairs was formed by students enrolled in afternoon classes, 

and the other in evening classes. The samples were not randomly selected, 

UTRG! 
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but the groups forming each paj r were equivalent in terms of several 

variables that we consídered relevant in the s ense that they could cause 

an initial bias. However, the pairs cannot bP. considered equivalent. 

Both our experience and results shown in Tabl~s III-1 to -9 indicate that 

there are differences between the pairs. For P.xample, the evening pair 

had lower scores in the pretest; lower average number of courses; more 

students repeating the course; more working students; higher average num

ber of hours of work among working students; and more students that were 

admitted to the University before 1975. (These differences were not 

checked statistically because we are sure that there is a practical 

significant difference among the population of evening students and the 

populatíon of afternoon students, and because the main purpose of the 

study was to look for differences wíthin pairs and not between pairs.) 

In addition, evening students are usually older and many of them already 

have family responsibilities. 

Thus, the study was conducted under the assumption that the samples 

were equivalent within pairs, but not between pairs. This assumption was 

strongly supported later on by the results of the association tests ad

ministered at the beginning of the course. 

III-2 The Two Content Approaches 

As mentioned before, the organizational approach used with the con

trol groups was the usual one based on the course textbook, whereas the 

organizational approach used with the experimental groups was based on 

Ausubel's learning theory. It was also noted previously that this was 

the key difference in treatment. The purpose of this section is to make 
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clear differences in the two approaches, but, in arder to achieve this 

goal, l et us first quote some of Ausubel's statements about principies 

involved in programmatic organization of subject matter (1968, pp. 152-

160): 

Once the substantive organizational problem (identi
fying the basic organizing concepts in a given discipline) 
is solved, attention can be directed to the programmatic 
organizational problems involved in the presentation and 
sequential arrangement of component units. Here, it is 
hypothesized, various principies concerned with the ef
ficient programming of content are applicable, irrespective 
of the subject-matter field. These principies naturally in
clude and reflect the influence of the previously listed 
cognitive structure variables--the availability of a relevant 
anchoring idea, its stability and clarity, and its dis
criminability from the learning material. 

Progressive Differentiation 

When subject matter is programmed in accordance with 
the principle of progressive differentiation, the most general 
and inclusive ideas of the discipline are presented first, and 
are then progressively differentiated in terms of detail and 
specificity. This order of presentation presumably corresponds 
to the natural sequence of acquiring cognitive awareness and 
sophistication when human beings are spontaneously exposed 
either to an entirely unfamiliar field of knowledge or to an 
unfamiliar branch of knowledge. It also corresponds to the 
postulated way in which this knowledge is represepted, organized, 
and stored in the human cognitive system. The two assumptions 
we are making here, in other words, are that: (a) It is less 
difficult for human beings to grasp the differentiated aspects of 
a previously-learned, more inclusive whole than to formulate 
the inclusive whole from its previously-learned differentiated 
parts, and (b) An individual's organization of the content of a 
particular subject-matter discipline in his own mind consists of 
a hierarchical structure in which the most inclusive ideas occupy 
a position at the apex of the structure and subsume progressively 
less inclusive and more highly differentiated propositions, con
cepts, and factual data. 

Now if the human nervous system as a data processing and 
storing mechanism is so constructed that both the acquisition of 
new knowledge and its organization in cognitive s~ructure conform 
naturally to the principle of progressive differentiation it seems 
reasonable to suppose that optimal learning and retention occur 
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when teachers deliberately order the organization and 
sequential arrangement of subject matter along similar lines. 

But even though this principle seems rather self-
evident it is rarely followed in actual teaching procedures 
or in the organization of most textbooks. The more typical 
practice is to segregate topically homogeneous materials into 
separate chapters and subchapters and to order the arrangement 
of topics and subtopics (and the material within each) solely 
on the basis of topical relatedness without regard to their 
relative level of abstraction, generality, and inclusiveness. 
This practice is both incompatible with the actual structure 
of n1ost disciplines and incongruous with the postulated pro-
cess whereby meaningful learning occurs, with the hierarchical 
organization of cognitive structure in terms of progressive 
gradations of inclusiveness, and with the mechanism of accretion 
through a process of progressive differentiation of an undif
ferentiated field. Thus, in most instances, students are required 
to learn the details of new and unfamiliar disciplines before they 
have acquired an adequate body of relevant subsumers at an appro
priate leve! of inclusiveness. 

As a result of this latter practice, students and teachers 
are coerced into treating potentially meaningful materials as if 
they were rote in character and consequently experience unnecessary 
difficulty and little success in both learning and retention. The 
teaching of mathematics and science, for example, still relies 
heavily on rote learning of formulas and procedural steps, on rote 
recognition of stereotyped 'type problems', and on mechanical mani
pulation of symbols. In the absence of clear and stable ideas 
which can serve as anchoring points and organizing foci for the 
incorporation of new logically meaningful material, students are 
trapped in a morass of confusion and have little choice but rotely 
to memorize learning tasks for examination purposes •••• 

Progressive differentiation in the programming of subject 
matter is accomplished by using a hierarchical series of organizers 
(in descending arder of inclusiveness), each organizer preceding 
its corresponding unit of detailed, differentiated material, and 
by sequencing the material within each unit in descending order of 
inclusiveness. In this way not only is an appropriately relevant 
and inclusive subsumer made available to provide scaffolding for 
each component unit of differentiated subject matter, but the ideas 
within each unit as well as the various units in relation to each 
other, are also progressively differentiated-organized in descending 
arder of inclusiveness. The initial organizers, therefore, fur
nish anchorage at a global level before the learner is confronted 
with any of the new material •••. 

As we will explain later in this section, the principle of progressive 

differentiation guided the organization and sequencing of the content for 
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the experimental groups. The whole course started with general and in-

clusive ideas about phys ics and electromagnetism, which were then 

progressively differentiated. In addition, the same arder of presenta-

tion was used in each unit. That is, each unit began with the most 

inclusive pr opositions and concepts embedded in the topic that was the 

object of the unit , then, these propositions and concepts were pro-

gressively dif ferentiated. 

Integrat ive Reconciliation 

The princi pie of integrative reconciliation in pr ogramming 
instructional material can be best described as antithetical in 
spir i t and approach to the ubiquitous practice among textbook 
wri ters o f cornpar tmentalizing and segregating particular ideas 
or topics within their respective chapters or subchapters. Irn
pl i cit in this latter practice is the assumption (perhaps logically 
val i d, but cer tainly psychologically untenable) that pedagogic 
considerations are adequat e l y s erved if overlapping topics are 
handled i n self- contained fashion, so that each topic is presented 
in only one of the severa! possible places where treatment is 
relevant and warranted, the assumption that all necessary cross
referencing of related ideas can be satisfactorily performed, and 
customarily i s, by students. Hence, little serious effort is made 
explici tly to explore relationships between these ideas, and to 
reconcile r eal or apparent inconsistencies. Some of the undesirable 
consequences of this approach are that multiple terms are used to 
represent concepts that are intrinsically equivalent except for con
textual reference, thereby generating incalculable cognitive strain 
and confusion , as well as encouraging rote learning; that artificial 
barriers a re erected between related topics, obscuring important 
cornmon f eatures, and thus rendering impossible the acquisition of 
insights dependent upon recognition of these commonalities; that 
adequate use i s not made of relevant, previously learned ideas as 
a basis fo r s ubsumi ng and inc~rporating related new information; 
and that since signifi cant differences between apparently similar 
concepts are of t en perceived and retained as identical •••• 

Organizers may also be expressly designed to further the 
principie of i ntegrative reconciliation. They do this by explicitly 
pointing out i n what ways previously-learned, related ideas in 
cognitive s t r ucture a r e either basically similar to, or essentially 
different from, new ideas and information in the learning task. 
Hence, for one thing, organizers explicitly draw upon and mobilize 
all available concepts in cognitive structure that are relevant 



-

- 30 -

for and can play a subsuming role in relation to the new learning 
material. This maneuver effects great economy of learning effort, 
avoids the isolation of essentially similar concepts in separate, 
noncommunicable compartments, and discourages the confusing prolifera
tion of multiple terms to represent ostensibly different but essentially 
equivalent ideas. In addition, organizers increase the discriminability 
of genuine differences between the new learning materiais and seemingly 
analogous but often conflicting ideas in the learner's cognitive struc-
ture ••.• 

This principie was also used as a guide in organizing and sequencing 

the experimental materiais. For example, electricity and magnetism were 

not studied separately. Instead of this, they were seen as instances of 

electromagnetism and were studied together, whenever possible, explicitly 

attempting to explore relationships between electric and magnetic phenomena 

and concepts. In addition, in the experimental approach, effort was made 

to point out the similarities and differences between new concepts (e.g., 

electromagnetic force and field) and related concepts already existing in 

the learner's cognitive structure (e.g., gravitational force and field). 

Sequential Organization 

The availability of relevant anchoring ideas for use in 
meaningful verbal learning and retention may obviously be maximized 
by taking advantage of natural sequential dependencies among the 
component divisions of a discipline--of the fact that the under
standing of a given topic often logically presupposes the prior 
understanding of some related topíc. Typícally the necessary ante
cedent knowledge ís more inclusive and general than the sequentially 
dependent material, but this is not always true (for example, super
ordinate learning). In any case, by arranging the arder of topics 
in a given subject-matter field as far as possible in accordance with 
these sequential dependencies, the learning of each unít, in turn, 
not only becomes an achievement in íts own right but also constitutes 
specifically relevant ideational scaffolding for the next item of 
the sequence. 

In sequential school learning, knowledge of earlier-appearing 
material in the sequence plays much the same role as an organizer in 
relation to later-appearing material in the sequence. . . • For 
maximally, effective learning, however, a separate organizer should 
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be provided for each unit of mat~rial. Thus, sequential organiza
tion of subject matter can be very eff ctive, since each new incre
ment of knowledge serves as an anchoring post for subsequent learning. 
This presupposes, of course, that the entecedent step is always 
thoroughly consolidated .•.. 

Consolidation 

By insisting on consolidation or mastery of ongoing lessons 
before new material is introduced, we make sure of continued subject
matter readiness and success in sequentially organized learning. 
This kind of learning presupposes, of course, that the preceding 
step is always clear, stable, and well-organized. If it is not, the 
learning of all subsequent steps is jeopardized. Thus, new material 
in the sequence should never be introduced until all previous steps 
are thoroughly mastered. ~bis principle also applies to those kind 
of intra-task learning in which each component task (as well as entire 
bodies of subject-matter) tenos to be compound in content and to 
manifest an interna! organization of its own. Consolidation, of 
course, is achieved through confirmation, correction, clarification, 
differential practice, and review in the course of repeated exposure, 
with feedback, to learning material •..• 

The principles of sequential organization and consolidation were also 

guiding principles for the experimental approach, but the latter was really 

applied just in the PSI groups. The arder of units was arranged in accord-

ance with some natural sequential dependencies found in electromagnetism 

(which is not necessarily the sequence found in most textbooks), but in such 

a way that an antecedent unit was usually more inclllsive and general than 

a sequentially dependent unit. However, mastery of the content of a certain 

unit as a condition to proceed to the next one was required only for the PSI 

groups. As a matter of fact, mastery (or consolidation) of ongoing materiais 

before new material is introduced is a basic feature of PSI which can hardly 

be achieved in traditional group instruction. 

-----------------
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Once provided this theoretical background, we can proceed with the 

description of the two different content approaches used in the experiment. 

Figure III-1 shows a schematic organization of content sequence for the 

control groups. This is a classical sequence for an introductory course in 

electricity and rnagnetism at college level. It is a linear "bottorn to top" 

sequence that starts with electricity, then goes into magnetism and ends 

with electromagneti sm. The concept of charge, which is a key concept but 

highly specif ic, is at the beginning of the sequence, and the Ma.xwell 

Equations, which are the general equations describing electromagnetic 

phenomena , are a t the top. In a sense, this sequence is exactly opposed 

to Ausubel's positi on because it starts with the specific and ends with 

the general, whereas Ausubel argues that, in accordance with the principle 

of progressive differentiation, the most general and inclusive ideas should 

be presented first . This sequence is much more in accordance with the 

psychology of Robert Gagné (1965) than with Ausubel's theory: 

Gagné's theory, based on progressively larger units 
of S-R connections, leads him to postulate that learning is 
best when we move from rnastery of the smallest conceptual 
units to the more general and inclusive, whereas Ausubel 
recommends that we proceed from the more general, more in
clusive to specific subordinate concepts in the process of 
progressive differentiation of cognitive structure (Novak, 1977). 

Another possible criticism of this sequence under an Ausubelian frame-

work is that, except in the final units, it segregates electricity frorn 

magnetisrn. That is, the course begins with the study of electricity, then 

follows the study of magnetism, and finally they are put together in the 

study of electromagnetisrn. (Ausubel's criticism to this practice can be 

found at the beginning of this section.) Under an Ausubelian point of view, 
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we should speak about electromagnetism since the beginning because this is 

a more general and inclusive i dea that encampasses both electricity and 

magnetism. 

~~ELL EQUATIONS 

f 
ELECTROMAGNETIC 

INDUriON 

MAGNETIC FIELD 

I 
MAGNETIC FORCE 

t 
ELECTRICi CURRENT 

ELECTRIC POTENTIAL 

I 
ELECTRIC FIELD 

i 
ELECTRIC FORCE 

I 
ELECTRIC CHARGE 

Fig. III-1. 

(Faraday's Law, time varying 
fields, induced fields, ... ) 

(Ampere's Law, Biot-Savart's 
Law, • . • ) 

..... . 
(definition of B, magnet1c force 
on a current, ••. ) 

(Ohm's Law, resistance, circuits, ••. ) 

(electric potential energy, 
capacitors, •.• ) 

(Gauss' s Law, • . . ) 

(Coulomb's Law, ••• ) 

(conductors, insulators, conserva
tion, quantization, .•• ) 

Content Sequence for the Control Groups. 

As mentioned before, this is the sequence of the textbook of the course 

(Halliday and Resnick, 1966), which was the main reading assignment (if not 

the only one) of the control groups. All the lectures of the lecture control 

group and all the study-guides of the PSI control group were based on this 

book. 

-------
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Before movíng to the approach used with the experimental groups, a 

point must be made: the fact that the content approach used with the con

trol groups can be criticized under an Ausubelian point of view should not 

serve as a bias to judge it a "bad appraoch." On the contrary, the content 

sequence is the classical one, the same one found in hundreds of books and 

courses, and the textbook is one of the most successful books in college 

physics and it is used world-wide in similar courses. 

Figure III-2 shows a scheme of the organization of the content used 

for the experimental groups. This approach is an attempt to organize the 

content in accordance to the Ausubelian principles described at the be

ginning of this section. However, these principles were used as a frame 

of reference, notas a kind of "recipe." That is, the approach is Ausubelian 

in the whol e and not necessarily in the details. For example, the use of 

organizers in the written materials was not rigorous or systematic as one 

could expect if the objective of the study were to investigate the specific 

effect of organizers. 

The sequence starts at a very general level with a discussion about 

physics and its evolutionary nature; about what physicists do; about clas

sical and modern physics; about the role of concepts in physics, and so on. 

This first unit ends with a general map of classical physics emphasizing 

key concepts and its use in different subdisciplines of physics. After this 

general view of physics and concepts in physics, the next unit is a little 

bit more specific because it focuses on two concepts only: forces and fields. 

However, it is also general because it deals with forces and fields describing 

the gravitational, electromagnetic and nuclear interactions emphasizing the 

concepts of force and field and not any particular instance of these concepts. 
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Physics, concepts Forces and Fields Mathematics needed for 

~-----J~ 
.. 

Equations of the 
Electromagnetic 

Field 

l 
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~--------------------- Electric and Magnetic 

/ Static Fields ~ 

alculation of Electric Calculation of Magneti 
Forces and Fields Forces and Fields 

~ / 
Potential 

l 
Electric and Magnetic 

/ Properties of Matter ',, 

/ I ....... 

Electric Current \Magnetic 
and Circuits 

~----------------------- Induced Electric and 

Magneticl Fields 

Energy in the Electro

magnetil Field 

~------------------------ Maxwell's Equations 

Circuits) 

Fig. III-2. Content Organization for the Experimental Groups. 
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In accordance to the principie of progressive differentiation, the 

nex t unit of the sequence is more specific than the previous ones because 

it deals only with the electromagnetic interaction and the concepts of 

electromagnetic force and field. On the other hand, this unit is a general 

v i ew of electromagnetism which is also an organizer for the entire course. 

All the basic electromagnetic phenomena and concepts are introduced in this 

unit in a very general and qualitative way. The four Maxwell Equations are 

a lso introduced as general equations describing electromagnetic phenomena. 

However, they are not used quantitatively, but rather discussed qualitatively 

trying to unpack their meaning. This unit ends with a general map of electro

magnetism relating the key concepts and the Maxwell Equations. 

In order to continue with the progressive differentiation of Maxwell 

Equations we should start to use Maxwell Equations analitically in the in

tegral form. However, instead of just assuming that students have the 

needed mathematical concepts, a unit on mathematics was inserted in the 

sequence to review such concepts. (This was also done with the control 

groups.) After this, the units become more and more specific but keep 

electric and magnetic phenomena and concepts together whenever possible, 

emphasizing the analogies and pointing out the differences as well. For ex

ample, in the unit on potential some time was devoted to the scalar magnetic 

potential to keep the analogy, but it was remarked that this concept is not 

use ful in the magnetic case due to the inexistence of the magnetic counter

part of the isolated electric charge. A brief discussion on magnetic cir

cuits was also included (not as a whole unit) to keep the analogy between 

electric and magnetic phenomena, but, specially in this case, it emphasized 

that this was just an analogy. 
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After the study of induced electric and magnetic fields and the 

electromagnetic energy, the sequence ends wi Lh a discussion of Maxwell 

Equations and the general map of electromagnet ism introduced in the third 

unit of the sequence . However, as indicated by the arrows in Fig. III-2, 

constant reference to the general equations and basic phenomena is made 

during the course. For example, when Amp~re 's Law must be used to calcu

late a magnetic field , it is pointed out that t his law is a particular 

i nstance of a more general one which is one of the Maxwell Equations. 

According to Novak (1977), to achieve integrative reconciliation more 

surely, we must organize instruction so that we move "up and down" the 

conceptual hierarchies as new information is presented. This is another 

basic difference between Gagné's and Ausubel's theory of progressive con

cept development: Gagné's hierarchy points only upward indicating the 

sequence in which learning must proceed (as in the sequence of the control 

groups), whereas Ausubel contends that "cycling" from more general to more 

specific concepts and "backing up" again is needed to achieve integrative 

reconciliation. 

Not surprisingly, no book was f ound coherent with this content approach. 

Consequently, written materials were prepared for the experimental group 

under the form of "Notes." These"Notes"were written for all units of the 

course and, specially in the firs t units, they were the main reading assign

ment for the students. In later units, it was frequently possible to direct 

t he students to selected sections of the same textbook used by the control 

groups. Further details of these 1 Noteswand the corresponding study-guides 

will be given in the f ollowing sections where the two methods used in the 

experiment will be described. 
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III-3 The Methods 

III-3.1 The PSI method 

PSI is an individualized system of instruction, based on principies 

of positive reinforcement, with the following basic features (Moreira, 1972 

and 1975): 

1) Self-pacing: the student proceeds through the 

material of the course with his own pace. He may spend as 

much time as he needs to master the content of a unit of 

study, and to achieve the objectives of such a unit. 

2) Mastery-learning: the student is allowed to 

pro·ceed to a certain unit of study only after he has 

mastered the content of the preceding one. 

3) Emphasis on written materials: the use of this 

type of instructional materials is emphasized in the 

communication between teacher and student s. 

4) Lectures and demonstrations as vehicles 
of motivation: when used, lectures and 

demonstrations are vehicles of motivation rather than 

critical sources of information. 

5) The use of proctors: proctors are students who 

have already taken the course and showed a high degree of 

mastery on the content of the course. They help the teacher 

in providing individualized attention to the students and 

to carry out the evaluation of unit-tests. 

In practice, the PSI method was used, with one pair of experimental-

control groups, as follows: 

The content of the course was divided into 17 units, and, for each one, 

a study-guide and a set of five tests were prepared. Each study-guide con-

tained an introduction relating the content of the unit with the content of 

- -- ------------------------------------------
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the preceding and the following ones, a set of objectives, and a suggested 

procedure designed to lead the student to the achievement of these ob

jectives. This procedure included a sequence of suggested readings (sections 

of the textbook or the special "Notes" prepared for the experimental group), 

questions, problems and additional references. (Answers to the suggested 

problems were also provided in the study-guides.) The five unit-tests were 

based on the objectives of the unit. They were equivalent and usually con

tained five or six items (essay questions and problems). 

After receiving the study-guide of the first unit, the students could 

study the unit at their own pace, and present themselves for a test on the 

content of the unit when they felt prepared to take it. The tests were 

immediately evaluated by the proctors or by the teacher. 

If the performance of a student on the unit was considered as evidence 

that he had mastered the content of the unit, he received the study-guide 

of the next unit and was allowed to proceed. If not, the student could 

t ake as many tests as necessary to achieve the objectives of the unit. 

There was no penalty for retaking unit tests. 

Three two-hour classes were scheduled per week, but no lectures were 

given. Instead, these periods were used for individual assistance and 

testing. That is, during these periods, students could come to the class

room to ask for individual assistance or take unit-tests. The teacher and 

four proctors were always available during these "class-hours." 

At the end of the semester, students who completed all the units were 

given a final grade of A. Students who did not complete all units but 

completed at least 75% of them, should take a final exam ou the content of 

the remaining units. In such a case, the final grade was given as a 
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function of the number of completed units and the result of the exam. 

Students who did not complete at least 75% of the units, received a 

failing grade. 

All the methodological variables were the same for the PSI experi

mental and control groups except for the sequence of units, which was a 

natural consequence of the two different content approaches. The two 

sequences of units are presented in Figure III-3. The content of each 

unit can be found in Appendices I (experimental group) and I I ( c ')lltrol 

group). 

III-3.2 The Lecture Method 

The other pair of experimental-control groups also had three 

two-hour classes per week. But, in this case, the class periods were used 

in the traditional way: in general, a lecture was given during the first 

hour and the second one was used for discussion and problem-solving. The 

lectures followeq the sequence of the textbook for the control group, and 

the sequence of the "Notes" for the experimental group and, most of the time, 

they were designed to help the students grasp the content of these written 

materiais. In the discussion and problem-solving sessions the teacher usually 

proposed a question or a problem and provided some time for the students 

to try their own solutions. After this, in most cases, the teacher pro

vided the right solutions. 

Few laboratory sessions were scheduled during the semester and they 

usually included more demonstrations than experiments performed by the stu

dents. This is a result of the extensive program that must be covered by 
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UNIT I EXPERIMENTAL GROUP 

I I Physics and Concepts 

li I Forces and Fields 

III I The Electromagnetic Interaction 

IV I Mathemat i cs Review 

V Electric and Magnetic Static Fields 

VI I Calculation of Electric Forces and Fields 

VII Calculation of Magnetic Forces and Fields 

VIII I Potential 

IX Study of an Electrostatic Field (Lab) 

X I Electric and Magnetic Properties of Matter 

XI Electric Current and Circuits 

XII I Linear and Nonlinear Resistors (Lab) 

XIII RC Circuit (Lab) 

XIV Electric and Magnetic Induced Fields 

XV Electromagnet ic Induction (Lab) 

XVI I Energy in the Electromagnetic Field 

XVII I Mnm~ell Equations 

CONTROL GROUP 

Electric Charge and Electric Force 

Mathemat i cs Review 

The Electri c Field 

Gauss 1 s Law 

Electric Potential 

Study of an Electrostatic Field (Lab ) 

Capacitors and Dielectrics 

Current - Resistance - Emf 

Linear and Nonlinear Resistors (Lab) 

RC Circuit (Lab) 

The Magne t i c Field 

Amp'ere 1 s Law 

Biot-Savart 1 s Law 

Faraday 1 s Law 

Elec tromagnetic Induction (Lab) 

Inductance 

Mag. Prop . of Matter-Maxwell Equations 

Fig. III-3. The Two Unit Sequences. 
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the t eache r dur i ng the semester: no time is left for labor atory, which, 

although extremely i mportant, is very time consuming. (Thus, the lack 

of emphasis on the laboratory is circumstantial and not a design feature.) 

Course evaluation was carried out through five quizzes and a final 

examination. The quizzes were different for the two groups because the 

content sequence was different, but the final exam was the same. 

I I I-4 The Written Materiais 

III-4.1 The study-guides 

A general idea about the written materiais used in the experiment 

was already given in the two previous sections where the content approaches 

and the teaching methods were discussed. This section, however, will focus 

on these materiais in a more detailed way. 

Let us start with the control groups: the written materiais used by 

the contra! groups were the textbook and the study-guides of each unit. 

As a matter of fact, the study-guides were designed primarily for the PSI 

control group, but they were also used by the lecture control group as an 

additional instructional aid. (In this case the distribution of the study

guides was made after the corresponding lectures.) These study-guides, 

with minar modifications, were the same used in previous semesters with 

very satisfactory results. They were carefully designed to be used with 

the textbook. They contained an introduction, a set of behavioral objectives, 

and a detailed suggested procedure which the students were encouraged to 

follow. A sample of one of these study-guides is in Appendix III. 
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The experimental groups also used the textbook (but to a much lesser 

extent) and study-guides. The general format of the study-guides was the 

same, however, the introduction might have been more general; the objectives 

in many cases were not strictly behavioral; the suggested procedure some

times was not so detailed; and, usually, study-questions and problems other 

than those of the textbook were used. These minor differences in the 

format of the study-guides were a natural consequence of the different 

approach used with the experimental groups. (By the way, t he l ecture 

experimental group also used the study-guides, but only as an additional 

instructional aid.) An example of one of the study-guides for the ex

perimental groups can be found in Appendix IV. 

In addit ion, the study-guides of the experimental groups referred 

tqe students to the "Notes" where the real emphasis on an Ausubelian 

approach was placed. 

III-4.2 The "Notes" 

As mentioned before, written materiais in the form of "Notes", to 

be used only by the experimental groups, were prepared for all the seventeen 

units. (Four of them were concerned with laboratory experiments and will be 

discus s ed in Section III-6.) In the first four units, these "Notes" con

stituted the main reading materiais used by the students. Because of their 

introductory and general character (they were some sort of advance organizer 

for the whole course), it was not possible to use the textbook or any other 

available book. However, starting in the fifth unit, the "Notes" referred 

the students to sections of the textbook whenever possible, and at a time 

appropriate for the experimental approach. These "Notes" usually started at 
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a general level, reviewing some already known concepts, situating the 

student in the whole context of the course, focusing on some historical 

aspects of the subject, etc. Next, the subject or the basic concepts of 

the unit were discussed with more specificity before going into the calcu

lations which represented the greatest degree of detail. The "Notes" usually 

ended with a diagram where concepts and, sometimes, phenomena, examples and 

equations were put together attempting to "integrate or organize" the con

tent of the un:i.t. That is, the "Notes" were written in accordance with 

the principles of progressive differentiation discussed in Section III-2. 

In addition, the first part of the "Notes" was designed to work as an ad

vance organizer, i.e., to bridge the gap between what should be learned 

and what the learner already knew. Examples of "Notes" are in Appendices 

V, VI and VII. For example, "Notes II" (Appendix V), which is concerned 

with forces and fields, starts with a review of Newton's Laws and the defini

tion of force through the second of these laws (which the learners had 

already studied in Physics I), then, the three basic forces of Nature are 

discussed under a general point of view. Following this, the electric and 

magnetic forces are discussed before the presentation of a general "map" of 

forces. Fields are discussed in this unit in a similar fashion. Another 

example is the unit on potential (Appendix VI): before focusing on the 

electric potential, the concept of potential is discussed and the gravita

tional potential (already studied in Physics I) is recalled. Then, the con

cept of electric potential is discussed before going into the details, i.e., 

the calculation of thP electric potential. The magnetic potential is also 

discussed in these "Notes" which end with a general "map" for potential. 
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The principies of progressive differentiation and integrative reconcilia

tion were used as guides not only within the "Notes" of each unit, but also 

in the whole set of "Notes." For example, "Notes II" (Appendix V) which 

corresponds to the beginning of the course was quite general; "Notes VIII" 

(Appendix VI) which corresponds to the middle of the course is more specific. 

On the other hand, "Notes XVII" (Appendix VII) which corresponds to the last 

unit attempts to integrate the whole course. 

Perhaps other examples of "No tes" would provide a better picture of the 

nature of the written materiais used by the experimental groups, but, most 

of them, were too extensive to be reproduced even as appendices. 

As it can be inferred from the above discussion and from the examples 

provided in Appendices V, VI, and VII a specíal feature of the "Notes" was 

the use of "concept maps." 

III-4.3 Concept Maps 

Concept maps, as they were used in this study, are s imply sets of 

key concepts put together in two-dimensional diagrams showing a hj erarchical 

relationship between them. Concept maps may be drawn for a whole liscipline, 

for a subdiscipline, for a specific piece of knowledge in a subdislipline, 

and so on. There are many ways of drawing a concept map, i.e . , the re are 

different ways of showing a conceptual hierarchy in a diagram. In addition, 

concept maps drawn by different experts in a field probably will r Pflect 

minor differences in understanding and interpretation of the relatt.onships 

between the key concepts of such fields. The point is that a concept map 

must always be seen as "~ concept map" and not "the concept map" of whatever 

set of concepts it is representing. On the other hand, at least in a 
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discipline with a well defined conceptual structure like physics, one 

should not expect large and contradictory differences in two maps for 

the sarne concepts drawn by two different experts. 

We prefer the type of map shown in Figure III-4. In this map, the 

most inclusive and subsuming concept (or concepts) is at the top, whereas 

subordinate concepts are at an intermediate position between the broadest 

concept and the least inclusive concepts or examples. That is, this map 

has a vertical downward hierarchy indicating subsuming relationships 

between concepts. This map is coherent with Ausubel's principie of pro

gressive differentiation or progressive concept development. It should 

be noted, however, that the lines connecting the concepts are not arrows 

pointing downward, they are just !ines indicating a relationship between 

. the concepts. The reason is that these arrows would indicate a unidirec

tionality not implied by Ausubel's principie of progressive differentiation. 

As a matter of fact, "cycling" from more general to more specific concepts 

and "backing up" again is needed to achieve integrative reconciliation of 

concepts (Novak, 1977). (Incidentally, a concept map following Gagn~'s 

model would have arrows pointing upward only.) 

We have used concept maps in almost all "Notes," mostly at the end 

as an element of integration of the unit content. Most of our maps were 

similar to Figure III-4 which is obviously an oversimplification of a 

concept map, but in some cases we have added equations and laws to the 

maps as well. In other cases, when several subsuming concepts were pre

sented in the same map (e.g., the general concept map of electromagnetism 
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Most inclusive, most 
subsuming concepts 

Subordina te, inter
mediary concepts 

Most specific, least 
inclusive concepts; 
examples. 
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Fig. III-4. A Simplified Schematic Representation of a Concept Map • 

used in "Notes III and XVII") we didn't follow the pattern of Figure III-4. 

The point is, again, that concept maps are simply a diagrammatic repre-

sentation of a conceptual hierarchy, without rigid rules. Figure III-5 

presents a concept map for "induced fields" that we have used at the end 

of "No tes XIV." Other examples can be found in Notes li, VIII and XVII 

(Appendice s V, VI and VII). 

Obviously, in any of these maps, much more connecting lines between con-

cepts could have been drawn and many other related concepts could have been 

induced. However, one should bear in mind that, in the process of drawing 

a concept map, there is a trade-off between clarity and completeness. 

Concepts maps, as will be shown in Chapter IV, played an important 

role in this study . 
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I II-4 .4 The Unit-tests 

In addition to the study-guides and "Notes," sets of five 

equivalent tests were prepared for each PSI unit, except those of labora-

tory. These tests were based on the unit objectives and consisted of 

problems and essay-type questions. Due to the different content se-

'luences, the unit-tests were different for the two PSI groups, but, 

_xcept in the first units, in most cases items corresponding to certain 

copies were the same. That is, some items of the unit-tests of "unit x" 

f rom one PSI group could be found in the unit-tests of "unit y" from the 

other one. Thus, the type of test and test items were quite similar (and 

t raditional) for both groups. 

Later on, we realized that we might have made a logical mistake in 

nsing similar evaluation tests: if a new approach was being used with 

~he experimental group, coherent evaluation tests should have been designed 

t:or such a group. Instead, we have used evaluation tests primarily de-

s igned for a conventional approach. At least to some extent, this could 

have been unfair for the experimental group. Samples of unit-tests for 

oth groups are in Appendix VIII. The quizzes for the lecture groups 

'ívere similar in format and content. 

III-5 The Concept Association Tests 

Three tests of concept association were administered at the be-

ginning (i. e., prior to any instruction), at the middle and at the end of 

the course. These tests were not used for course evaluation purposes, 

i.e., they were used only for research purposes and the students of all 

groups were aware of this. 

urnas 
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Ill-5.1 The word-association test 

r The first of thes e tests was a word-asso c i a tiun Le.· t (ShGvelson, 

1974): fifteen physica1 concepts re1evant t o the study o t e1ec t romagnetism 

were se1ected and the students were asked to associate as m· ny words as 

they could to each of these concepts in a given period of time. The 

selected concepts were: Electromotive Force - Electric Resistance -

Inductance - Magnetic Fie1d - Potential - Energy - Force - Elec tric 

Current - Electric Flux - Electric Field - Electric Charge - Magnetic 

Flux - Time - Work - Capacitance. 

Each of these concepts was at the t op ~f a separate page of a test 

booklet, and the students were given one minute for each concept to write 

dow~, in the corresponding page, as many words as they could in association 

to the given concept. They were instructed that the associated words should 

be from the field of physics. The time was controlled by the tea cher or by 

a proctor. A condensed vers ion of this test, including the specific in

structions given to the students, is in Appendix IX. This Appendix also 

includes a brief questionnaire given to the students only at the beginning 

of the course, and the two other association tests. 

III-5. 2 The numerical concept association test 

The second test, which we labeled "numerical-association test," 

was based on a "similarity judgments" test that we found in the literature 

(Johnson, 1967). 
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Each of the 15 concepts used in the word association test was paired 

with every other concept to create a list of 105 pairs of concepts. Each 

pair of concepts in this test was followed by a 7-po int rating scale, '1' 

standing for the highes t degree of relationship between the concepts of a 

certain pair according to the student's point of view, and '7' standing 

for the smallest degree of relationship. That is , the student should 

check number 1 when the concepts were h i ghly related and number 7 when he 

did not see any relationship between them. Numbers 2 to 6 represented 

intermediate situations. There was no time limit for this test. The 

test, with the detailed instructions given to the students, is in Appendix 

IX. 

III-5. 3 The graphical association test 

This test, which could be called a "concept mapping test," was 

designed specífically for this experiment. We were interested in knowing 

how the students would draw a concept map for a given set of concepts, i.e ., 

how t hey would draw a diagram showing a hierarchical order among the given 

concepts . However, we could not use terms like concept map, superordinate, 

and subordinate concepts because they woul d not be potentially meaningful 

for the students. In addition, we were no t willing to introduce a bias 

toward the shape of the map by suggesting, for example, a vertical hierarchy . 

Thus we gave the students a list of 19 concepts (which included most 

of the previous ones) and very simple instruetions to follow. They should 

display the concepts in a sheet of paper in whatever distribution they pre

fer, obeying the following rules: the most general concepts should be 

written inside rectangles; the concepts at an intermediary level of 
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gener a li t y shoul d be wr i tt en inside circles or e llipses ; a nd the l east 

gene r a l concepts should be jus t wri t ten without a ny geometrical figure 

a r ound them. In addition, related concepts should be linked through 

l i nes of arbitrary size and shape. (No example was provided and there 

was no time limit.) This test is also in Appendix IX. 

All students in the lecture gr oups answered the t ests at the s ame time 

in the three times they were administered . However, students in t he PSI 

groups a nswered them individually at the second and third times (after the 

10th and 17th units, respectively) beca use of the individualized nature of 

the teaching format. In any case, however, students were very cooperative 

i n answering the tests. 

II I-6 The Laboratory 

As explained before, for the lecture groups it was not possible 

to schedule laboratory classes where the students would perform exper iments . 

For those students, most laboratory classes were just demonstrations. 

On the other hand, factors like the use of proctors and opportunity to 

spread t he use of experimental kits over a span of time permitted the in

sertion of laboratory units in the unit sequence of the PSI groups . Four, 

among the seventeen units programmed for the PSI groups, were labor atory 

experiments: 

Study of an Electrostatic Field 

Linear and Nonlinear Resistors 

R.C. Circuit 

Electromagnetic Induction. 

These experiments usually could be dane in a two-hour period and were 

the same for the experimental and control groups, in spite of differences in 
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the corresponding unlt number. However, the lab-guides were diffcrent: 

Those used by the control group were programmed lab-guides which were 

used in previous semesters. These guides contained a brlef introduction, 

a set of objectives and a procedure in fhe form of programmed instruction. 

The first questions of the procedure wete designed to provide a theoretical 

framework for the experiment, whereas the last ones asked the student to 

perform experimental tasks. Considering the feedback from the use of 

these guides in previous semesters we can say that they are well designed 

and highly efficient in helping the students achieve the objectives of the 

experiment. That is, they are instructional materiais of good quality. 

(A sample is in Appendix X.) 

However, we felt that programmed lab—guides would be inconsistent 

with the Ausubelian approach. Thus, we prepared special guides and "Notes" 

for the experimental groups. 

The introduction of the "Lab—Notes" consisted of a general discussion 

about theory and experimentation in physics designed to serve as an ad-

vance organizer for the experiment. After this introduction, the theoretical 

basis of the experiment and some practical difficulties were discussed. 

A brief study-guide accompanied the "Lab-Notes" of each experiment. It 

contained a small introduction, the objectives of the experiment, and a 

suggested procedure that referred the students to the "Lab-Notes" and 

encouraged them to try to identify the basic phenomena and concepts involved 

in the experiment as well as the basic questions to be investigated. This 

procedure also encouraged the students to do the experiment, to collect data, 

and so on, but it was not a sequence of steps to be followed. 
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Thus, the lab-guides were diffcrent . However, it must be emphasjzed 

that this difference has nothing to do with discovery learning versus 

reception learning. The experiments were the same, the objectives were 

almost the same and the lab-guides were different only to the extent that 

this was necessary to keep them coherent with the corresponding content 

approaches. 

The evaluation of the lab-units was carried out through the presenta

tion and discussion of the results with a proctor (or the teacher). In 

addition, students answered a shor t written test which was administered 

only for research purposes. However, in that case the students were not 

aware of this and, at least in the first lab-units, they thought that the 

test was an integrant part of unit evaluation. 

This test consisted of five questions which were essentially Gowin's 

(1970) "five questions. " These questions were devised by D. B. Gowin as 

a method for t he critical analysis of documented claims: 

1) What is the telling question(s)? 

2) What are the key concepts? 

3) What are the methods of inquiry? 

4) What are the knowledge claims? 

5) What are t he value claims? 

For example, in analyzing or "unpacking" a research paper, the telling 

question is the question that identif ies the phenomenon of interest under 

study, in such a way that it seems likely that something wi ll be found out 

by anslvering this ques tion. The key. concepts are the bas:i c concep ts, o f 

the fi eld of study to which the paper is concerned , that a re involved in 

the telling question or in the research itself. The methods of inquiry 
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are the _equence of s teps, the techniques of inves tigation, the devices 

that were used to answer the tel l ing question, i.e., to go from the 

t elling question to the knowledge claims. The value claims are cla ims 

about th e significance, u tility, importance of the knowledge claims. 

We thought that this approach would be also useful to evaluate 

student' s performance in t he laboratory and we designed a test with the 

fo llowing questions : 

1) What was(were) the basic question( s ) that 

you tried to answer by performing the experiment, i.e., what 

were you really investigating? [telling question] 

2) What key concepts of electromagnetism (basic, 

fundamental concepts ) were involved in the formulation of 

such question (s)? [key concepts] 

3) What basic electromagnetic phenomenon(a) was 

(were) involved in the experiment that you performed? 

4) What method did you use to answer the basic 

question(s) that you investigated? [method?] 

S) What results did you get, i.e., what answers 

did you get for what you were investigating? [knowledge claims?] 

Students were a sked to answer these questions after each laboratory 

experiment. The results of thís test, as well as the resuJts of the other 

tests used in this investigation will be presented in the next chapter. 
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RESULTS 

As remarked in the last paragraph of the Introduction, this study 

was carried out to investigate the effect of an experimental approach, 

based on Ausubel's learning theory, to the content of the Physics li course 

in comparison to the conventional approach based on the textbook (Halliday 

and Resnick, 1966). However, as can be inferred from the design, and 

specially from the research instruments, strong emphasis was put in the 

search of differences in terms of concept association, differentiation and 

hierarchical organization. In addition, it was assumed that the achieve

ment tests used throughout the course would provide additional measures 

of concept learning. 

Thus, the overall "telling question" of this study could be formu

lated as follows: 

What differences, in terms of student's ability 

to apply, to associate, to differentiate, and to hierarchically 

structure electromagnetic concepts would arise from an Ausubelian 

approach, in comparison to the traditional one, to the content 

organization of an introductory college course in electromagnetism? 

The laboratory experiment, although an integrant part of the study and co

herent with the Ausubelian approach, led to a somewhat different "telling 

question'' that will be discussed in the last section of this chapter. 

- 56 -
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The key conc.epts of Ausubel' s theory (as well as those of electro

magnet i sm used in the study) embedded i n t his ques t ion were already 

i de nt i f ied and discussed in the desc ription of the deslgn und in the 

di scussion of Ausubel's theory. The method used to look for answers t o 

t ll e "tell í ng question" was also desc r ibed in the previous chapters. Thus, 

the remaining chapters have to do with the results, the answers to the 

"telling question," the discussion of the r esults and implications of our 

findings. That is, in Gowin's language these chapters deal with the 

"records," the "knowledge claims," and the "value claims." 

We will start the discussion of the results with what we could call 

achiev ement measures, then, the association tests and, finally, the 

laboratory test will be discussed. 

IV-1 Achievement Measures 

Under the label of "achievement measures" we will include all 

measures other than the association and laboratory tests. Thus, measures 

like pass and fail indexes, number of tests/unit, and results of the final 

exaro wíll be incl uded in this category. 

Tables IV-1 and IV-2 show the number of students who withdrew and the 

number of students who completed the course, among those who were originally 

enrolled in the course. By "students who withdrew" we mean students t hat 

abandoned the course for any reason, at any time during the semester (how

ever, almost all withdrawals occurred during the first weeks of the s emester) . 

By "students who completed the course" we mean those students that fo llowed 

course activities up to the end of the semester, passing or not. No s ignifi

cant differences were i ound at the _ n~ 1Puel of significance between ex

perimental and control groups. 
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TABLE IV-l 

NUMBER OF STUDENTS WHO COMPLETED THE COURSE VS. 

Group EJ 

Group Cl 

* 

NUMBER OF WITHDRAWALS I N THE PSI GROUPS 

Comp1eted the 
Course 

38 

36 

74 

Wit.hdrew from 
the Course 

11 

Çl 

20 

49 

45 

94 

p ~.05, two-tai1ed. 

TABLE IV-2 

NUMBER OF STUDENTS WHO COMPLETED THE COURSE VS. 
NUMBER OF WITHDRAWALS IN THE LECTURE GROUPS 

Comp1eted the Withdrew from 
Course the Course 

Group E2 38 10 48 

Group C2 27 10 37 

65 20 85 

* p > . 05, two-tailed. 

x * . 0014 

xz .17* 

Students who withdrew were not included in the samp1es discu sed in 

Section III-1 because these students did not rea11y participate i n the ex-

periment. However, as they were enro11ed in the course and most o f t hem 
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had a t l.eas t some inltlal coutac:t ,.;rith Lhe cu ur ~e , we de cidcd to ehcck if 

t:hen~ \vô ~' any signi.fi_cant d·ifferences in this a spect . 

The following results concern only the students that constituted the 

E"amples. Tables IV- 3 and IV-4 show the proportions of passing and failing 

in each group. No s ignificant differences were found. 

TABLE IV-3 

NUMBER OF STUDENTS THAT PASSED OR FAILED THF. 
COURSE IN THE PSI GROUPS 

-----------
Passed Failed 

Group El [ 37 1 38 

Group Cl 35 1 36 

72 2 74 

* Fisher exact, one-tailed . 

Group 

Group 

* 

TABLE IV-4 

NUMBER OF STUDENTS THAT PASSED OR FAILED THE 
COURSE IN THE LECTURE GROUPS 

Passed Failed 

E2 

t 
32 6 38 

C2 24 3 27 

56 9 65 

Fisher exact, one-tailed. 

* p .74 

* p .44 

The numbers of students who completed all units and those that did 

not complete them (and took a final exam) in the PSI groups are in Table 

IV-5. The difference was not statistically significant. 
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TABLE IV- 5 

tmH.BER Or' STUDENTS THAT COHPLETED AND DID NOT 
COMPLETE ALL THE UNITS IN THE PSI GROUPS 

Completed Did Not Complete 
All Units All Units 

r-
El I 29 t Cl 31 

9 l 5 

60 14 

p > .0), two-tailed. 

38 x ,., 
= .61 

36 

74 

The average number of tests taken per unit in the PSI groups is pre-

s nt êd in T~ble IV-6. The difference was not significant again • 

-

Group 

El 

Cl 

* 

N 

38 

36 

TABLE IV-6 

AVERAGE NUMBER OF TESTS TAKEN 
PER UNIT IN THE PSI GROUPS 

M SD 

1.46 .23 

F 

1.37 .21 1.25 

p > . OS, two-tailed. 

t 

* 1. 75* 

The last of these achievement measures, a very important one under a 

traditional point of view, is the final exam of the lecture groups. Although 

the quizzes were different for these groups due to the different content se-

quences, the final exam was the same. It was a conventional final exam 

including several essay type questions and problems. The results of this 
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are in Tab le IV-7. Once more there wa s no sign i f i cant diffcrence. 

TABLE IV-7 

RESULTS OF THE FINAL EXAM FOR THE 
LECTURE GROUPS 

Group Nl M SD F t 
- ·· 

E2 33 6.83 1. 29 

C2 25 6.56 1.11 * * 1. 35 .84 

---

* p > . 05, two-tailed. 

1. Some students who fai1ed the course did not take t he final exam . 

Summing up, no significant differences were found i n terms of a chieve-

ment. The pass and fai1 indexes were the s ame, the resul t s of the f inal 

exam were the same, and so on. Should we be surprised? ~ 

Pr obably not, because all these measures were based on conventional / . 

ach i evement tests, and, in such a case, the finding of "no significan t q 

difference" is hardly surprising. That is, when conventiona1 instruments 

a r e used to evaluat e a new approach we should not expec t to detect major 

dif ferences because these instruments probably are no t appropriate t o de-

tec t them. In physics, the situation is quite s i mila r : how could one ex-

pec t t o f ind different spectral lines in the spectr um of two different j 
light sources using an i nstrument that does not detec t a l ine spectrum? 

In our case, the Ausubelian approach emphasized concept s and conceptual 

hierarchies, but the unit-tests, qui zzes and f i nal exam werc conventional 

achievement tests in physics, emphasizing ana1ytical and numerical problems. 

Consequently, the fact that no differences were found i n terms of a chieve-

ment shou1d not be surprising. On the other hand, this finding sugges t s 
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that the Ausube l ian c. pproach was at l east a s efficí en t as th e co nventiona] 

approach , in terms of conventi.ona l a 11ievement mea s ur es . 

IV-2 Tlw hford-As s oc i a U on Test 

As exp1ained in Section III-5.1, in the word-association t est students 

r eceived a 1íst of fi f t een concepts and were given one minute per concept to 

tvr i t e down tvords they as s ocia ted with each concept. The avernge number o f 

v10 rds associated per concept (that is, the average of the averages curre

s ponding to each concept) by each group is in Tab1e IV- 8. In this Tab1e, 

A1 s tands for the [irst time the test was a dministered (A f or associa tion, 

1 for first), A2 for the second time and A3 for the third time (beginning, 

mi dd1e and end of course, respective1y). 

TABLE IV-8 

AVERAGE NUMBER OF WORDS ASSOCIATED PER CONCEPT 

A1 A2 A3 
Group M t M t M t 

El 4.56 5.96 6.45 

* * * Cl 4 .18 .88 5.63 .66 6.00 1.83 

E2 4 . 01 4.83 5.78 

* * * C2 3.96 .15 5.30 -1.22 5.83 -.16 

* p > . OS, two-tailed. 15 

As can be inferred from Tab1e IV-8, there was no significant difference 

in terms of average number of words associated per concept. llowever, this 
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is a qui e genera l a nd cond ensed analysis of the l arg e amount of data 

provided by this t est . Thus, in order to get f urther information a mo re 

detailed analysis 'llla::; done. 

Fi r s t of all, we established a distinction be tween associat ed words 

a nd "significant associations." By associated word we mean any wo rd asso c

iated wi t h a given concept; however, by "significant association" we mean 

words tha t, according t o our judgment, were significantly celated to the 

given concept. Usually, these words were other concepts rather than just 

common words. For example, "current" was considered a "significant 

as socia t i on" for the concept of "electric resistance," whereas "length" and 

"width" \vere not. It must be emphasized that the criterion was not "right" 

or "wrong '' associations, nor "words belonging to the terminology of elec

t r omagnetism" and "not belonging." Units of measure, for instance, were 

not considered "significant associations," but they would be "right assoc

iations" if this criterion had been used. Our criterion could be better 

described as distinguishing between "more important" and "less important" 

(seconda ry ) associat'ions, according to our own judgment of "conceptual 

relevanc e ." 

This criterion was, obviously, s ubjective but it was applied uniformly 

to the test of each student in each group. The general result, i.e., the 

average number of " signif icant associations" per concept is in Table IV-9. 

The general pat tern of this Table is the same of Table IV-8, with one ex

ception: in case A3 an inversion occurred between groups E2 and C2, that 

i s , grout C2 had more associations, but less "significant associatlons" in 

case A3 . The differences, however, were not statistically significant again. 
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Tn aearch for differences in te.ms of var labi 1ity, we looked a t 

the stnudard deviations . Tab]es IV-10 and IV-11 show the m an st.:mdilrd 

deviatj ns for total associations and significant associat i ons, respective1y. 

TABLE IV-9 

AVERAGE NUMBER OF SIGNIFICANT A 'SOCIATIONS 

--- --

A1 A2 A3 
Group M t M t M t 

E1 2.26 4 .28 5.36 

* * * Cl 1.93 .75 4.02 . 44 4.86 1.30 

E2 2.09 3.31 4.85 

l * * ·k 
C2 2 .01 .21 3.66 -. 71 4.41 1.12 

* p >.OS, two-tai1ed. 15 

• 
TABLE IV-10 

MEAN STANDARD DEVIATIONS FOR TOTAL ASSOCIATIONS 

! 
! A1 A2 A3 

Group I MSD t MSD t MSD t 

I 

El I 2. 19 I 2. 31 2.05 

** * * C1 1.88 2. 92 2.32 -.10 1. 99 .71 
-

E2 2 .07 1. 95 2.23 

* ** * C2 2 .07 .00 2.21 2.20 2,11 • 8 I 

* *~~ 
p > . 05; p < . 05, two-tailed. 15 
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TABLE IV- Ll 

rlliAN STANDARD DEVIATTONS FOR SIGNIFICP~T ASSOCIATIONS 

• 

Al A2 A3 
Group MSD t MSD t MSD t 

El 1.54 -r 1. 93 1. 99 
' * .26* * Cl 1. 23 1.88 1. 90 1.87 1. 24 

E2 1.87 1.64 2.05 

** * * C2 1.51 2.05 1. 79 -1.42 1. 87 1. 46 

* ** p > . OS; p < . 05, two-tailed. 15 

In the c.ase of the mean standard deviations, a couple of significant 

differences appeared, but not systematically as can be seen in Tables IV-10 

and -11. 

Thus , there was no significant differences either in terms of averages 

or variability for both total and "significant associations," but from Tables 

IV-8 and -9 we can see that the average number of associations increased 

systemati a lly from the first to the third test for all groups, and this in-

crease was more accentua ted for "significant associations." However, this 

is not surpr i sing a t all because one would certainly expect such increase 

as the students proceed through the course. On the other hand, one could 

perhaps expect that the relatively high mean standard deviations at the 

beginning of the course would decrease with time. But this was not the case 

because they at least did not decrease. However, before trying to interpret 

these results let's go into further details . Tables IV-12 and IV-13 show 

the average number of total associations and "significant associations" for 

each concept. Asterisks in these tables indicate significant di.ff erences at 

---- --------------------------------------
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TABLE IV-12 
WORD ASSOCIATION TESf 

(Averag e umb er of Words Associated with Each Concept) 

Al A2 A) Al A2 A3 

CONCEPT E1 Cl E1 C1 E1 C1 E2 C2 E2 C2 E2 C2 

E1ectromotive ). 78 3. 58 4.67 5.31 6. 34 5.94 3.89 3. 52 5.82 4.62 • 6.03 5. 58 
Force (0 1.97 2. 05 2.46 1. 94 2.04 l. 75 2 o 42 2.41 2.46 1.39* 2 . 71 1.38* 

E1ectr1c 4 . 35 4. 0) 5.67 6.72 6.29 6. 58 4.00 3.96 . 50 s.88* 6. 72 5.63 
Resistance (R) 1. 84 1.72 2.04 2. 51 1.82 2.25 2.09 2.33 ~. 02 2.23 2.67 l. 97 

lnductanee {L) 2.69 2. ~2 2. 94 2.75 5.66 4.97 2.53 2.56 2. 91 3.12 3.97 s . o8* 
2.46 1.81 2.10 2.05 2.00 2. 05 1. 96 l. 72 l. 85 2.10 1. 7S 1.56 

4.92 • 6.17 ~:~~i~iii 4.67 6.69 4.91 6.79 4.05 3. 78 4.94 4. 73 5.41 5.04 
2.23 2.06 2.65 2.25 1.99 2.33 l. 92 l. 78 2.03 2.18 2.11 1.55 

PotenCial ( V) 3.19 3 o 81 6. 56 5. 89 6 . 21 5. 58 3. 45 3.22 4. 71 5.23 5.19 5.33 
1.51 2.01 1.99 2.25 1.43 1.62 2.05 1.65 l. 43 1.73 1. 97 1. 97 

t:nergy (U) 6.81 6.06 6. 86 6.67 7.11 6 . 48 5. 32 5. 41 S. 41 5.38 5.91 6. 54 
2.24 1.80 2.64 2.28 2.21 2. 06 2.05 2.29 2.27 2.42 2.67 2.72 

Force <f> 5.86 5.61 7.56 6.22• 8.06 6. 48* 5.29 5.56 6 9 ~ 6.73 6.94 7. 13 
1.99 1. 81 2.60 2.58 2.01 2.03 2. 03 2.34 1. 98 2. 07 2.46 2.80 

Electric 6.17 5. 64 7.14 7.14 7.31 6.85 5. 26 5.30 5.91 6.81 7.03 7.21 
Curreot {l) 2.37 1.90 2.52 2.83 2. 04 2.11 2.31 2.66 2.05 2.14 2.32 2.15 

Electr ic Flux 3.81 3. 36 5.14 4.44 5.31 5.09 3.61 3.33 4.03 4.54 4.97 4.38 
<fEl 2.16 1. 68 2.03 1.84 2.00 1. 57 1.85 1.36 1.87 2.23 2. 07 1.84 

E1ectr1c_. 4.08 3.97 7. 53 6.53 6. 74 6 . 36 3.82 3.52 4.94 5.92* 6. 63 6.13 
Field (E) 2.01 1. 95 2. 29 2.70 1.95 1. 95 1.93 1. 95 l. 59 2.12 2.12 2.31 

Electrie 4.97 4.42 7.33 7.31 6.74 6.03 4.11 4.22 5 . 62 6.35 5.84 6. 29 
Charge (q) 2.29 1. 93 2.44 2. 75 2. 58 1. 98 2.18 l. 85 2.13 2.46 2. 30 2. 07 

Magnetic 3. 81 2.61 4.78 2.97* 5.63 5.21 3.16 2.59 3. 71 4.42 4. 66 5.46 
Flux ela> 1 . 92 1.90 2.32 2.17 2.06 1.83 1. 91 1.82 1.61 2.44* 1.52 2.15 

Ti8e (t) 5.92 4. 08* 5.28 5.22 6. 43 5.06* 3.95 4.30 4.41 4.58 5.56 5. 33 
3.26 l. 78* 2.29 2.19 2.16 2.28 2.20 2. 77 2.13 2.82 2.12 2. 14 

Work (ll) 4.89 5.36 6.44 6.22 6.26 6. 45 4.89 4.93 5.56 5.96 5.88 6.67 
2.12 2.01 1.99 2.04 2.19 2.08 1. 96 1.90 2.05 2.05 2.23 2.37 

Capacitance (C) 3 .11 3.08 4.58 6.08* 6. 49 6.18 2.89 3.15 3. 09 5.23* 6.00 5.63 
2.50 l. 76 2.23 2. 38 2.21 1.93 2. 17 2.25 1.83 2.82* 2.37 2.65 

- · 

NOTE : Al, A2 , and A3 stand for first, second and third times . 
Means are in the first rows and standard deviations in the second ones . 
Asterisks indicate significant differences (t test for means, F test for 
variances, both two-tailed) at .OS level . 
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TABLE IV-13 

WORD ASSOCIATION TEST 
(Average Number of Significant Associations with Each Concept) 

A1 A2 AJ Al A2 l A3 

CONCEPT El C1 El C1 El C1 E2 C2 E2 C2 E2 cz 

E1ecuomot1ve 2.92 2.58 4.36 4.83 6.17 5.82 3.00 2.59 5.12 4.31. 1 5.69 5. 38* 
Force (E) 1. 75 1.61 2.33 1.66 1.98 1.57 2.07 2. 27 2.07 1. 35 ' ., .47 1.24 

* • Electr1c 2.50 2.28 4.69 5.17 5.23 5.48 2.29 2.15 3.21 4.15 

I 
5.72 4.25 

llesistance (R) 1 . 58 1. 39 1.75 1. 76 1.66 1.91 1.56 2.05 1.65 1.62 2.25 1.78 

lnductance (l.) 1. 97 1. n. 2.67 2.50 

I 
5.40 4.61 1.87 1.85 2.59 2.58 3.88 4.42 

1.95 1. 28 1. 96 2.05 1.90 1.85 1.66 1.20 1. 79 1.63 1. 72 1.44 

3. 25 4.17 • 5. 94 5. 06 4.79 Magne t 1c .. 3. 72 5. 78 5.50 3.00 3.00 4.29 3.92 
Field (B ) 1.83 L 46 2.14 1.69 1.97 2.15 1.47 1.49 1.64 1.79 1. 12 1.35 

Potential ( \') 2. 03 1.69 4.86 4.67 5.03 4.58 2.03 1. 70 3.74 4.28 4.6 1. 4. 25 
l. 78 1. 31 1.82 1.85 1.62 1. 37 1.64 1.44 1.26 1.34 1.94 1.89 

Energy {U) .83 .78 2.14 1. 94 4.94 3.55 * 1.05 • 96 1.41 1.92 • 4.00 3.04 
.77 .80 1.69 1.60 2.25 2.18 1.23 1.06 1.16 2.06 2.45 1.85 

Force <'"fi • • * 4.31 3.83 1.17 . 36. 3.94 2.83 5.20 3.76 1.08 .74 3.26 2.88 
1.16 • 72 2.10 1.61 1.95 1.84 1.51 1.16 2.00 2.10 2.18 2.28 

Electr1c 4.25 4. 25* 6.61 6.14 6.97 6.62 3.97 3. 74 4.94 5.69 6.47 6.50 
Current (! ) 2.13 1.44 2.19 2.f6 2.05 2.03 1.99 2.44 1. 74 1.78 2.11 1.56 

Electric 2.56 2.03 4.19 3.69 4.89 4.48 2.16 2.48 3.53 3.69 4. 72 3. 92 
Flux cfE> 1.81 1.48 1.45 l. 67 1.88 1.42 1.44 1.34 1.71 2.04 1.99 1. 72 

• E1ectr1c 3.17 2. 50 6.64 5.67 6.40 6.06 2.87 2.70 4.29 .5.04 6.44 ~.33 
Field (t; 1.84 1.46 1.99 2.62 1.80 1.82 1.86 1.64 1.66 2.01 1. 92 1.95 

E1ectr1c 3.50 3.08 6.44 6.44 6.31 5.73 3.08 3.30 4.91 5. 77 5.75 5.79 
Charge {q) 1.75 1.63 2.22 2.31 2 • .52 1.91 2.14 1.75 1.93 2.32 2.16 2.69 

* 2. 44. Magnetic 2.47 1.69 4.06 5. 11 4.64 2.29 1.85 3.41 3.46 4. 44 4.46 
Flux fis> 1.46 1.41 1.91 1.86 1.76 1.67 1.31 1.46 1.50 1.86 1.56 1 . 69 

* !iae (t) . 36 .os. 1.47 1.69 3.51 3.06 .26 .37 .76 1.12 3.31 2.33 
.72 .37 1. 72 1. 41 2.33 2.18 .76 .74 1.10 1.53 2.02 2.08 

WoriC (W) • 28 .17 • 2.36 2.81 3.20 3.33 • 29 .44 • 1.47 2.08 3 . 03 2. 9ó 
.70 .45 1.71 1.79 2.03 2.34 . 46 .89 1.64 1.41 2. 25 2.39 

• • Capacita~:.ce {C) 2.11 2.42 4.03 5.25 6.11 5.64 2.11 2.26 2.74 4.01 5.25 4.88 
1.82 1. 63 1.93 2.03 2.14 1.83 1.91 1.77 1.71 1.94 2.06 2.19 

NOTE: Al, A2, and A3 stand for first, second and third times. Means 
a re in the first rows and standard deviations in the second rows. Asterisks 
indicate significant differences (t test for means, F test for variances, 
both two-tailed) a t .05 level . 
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the .05 level ; for L.nequal v-tr ianu~s an approximation of tl1e t l csl 

(Dar1ing ton, 1975) ~'as used. Tctbles IV-14 and I V-1 5 sumn arize the specific 

cases where these differences occurred. 

Group 

E1, C1 

I 

Tota1s: 

E2, C2 

-

Totals: 

* 

TABLE IV-14 

SPECIFIC CASES (CONCEPTS*) WHERE SIGNIFICANT 
DIFFERENCES OCCURRED FOR TOTAL ASSOCIATIONS 

A1 A2 

dif. v dif. M dif. v dif.M di f. v 

--- -- -- B, E1 ----- -- -- F, E1 --
-- -- -- (}B,El --

t, El t, E1 -- -- --
-- -- -- c C1 --' 

1 E1 1 E1 -- 3E1; 1Cl --

-- -- c E2 E, E2 e, E2 ~., , 

-- -- -- R, C2 - ·-

-- -- -- -- _ .. _ 

..... -- -- -- E, C2 --
-- -- ~B' C2 -- --· 

-- -- c, C2 C, C2 --

-- -- 1E2; 2C2 1E2;3C2 1 E2 
-

A3 

dif. M 

--
41-
F 

' 
E1 

--
t, El 

--

2 E1 

--
--

L, C2 

--

--
--

1 C2 

Concepts are represented by their symbols; the 1etter after the 
s ymbo1 indicates which group had higher mean or variance. 
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Groups 

El, Cl 

Totals: 

E2, C2 

Totals: 

* 
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TABLE IV-15 

SPECIFIC CASES (CONCEPTS*) WHERE SIGNIFICANT 
DIFFERENCES OCCURRED FOR SIGNIFICANT ASSOCIATIONS 

tf. Al A2 

v di f. M di f. v dif. M di f. v 

L, El -- -- -- --
-- -- -- t, El --
-- -- -- -- ---+ --..; 

1", F, El F, El -- El --
I, El -- -- -- -- . 
-- IB,El -- <}B,El --

t, El t, El -- -- --
W, El -- -- -- --
-- -- -- C, Cl --

5 El 3 El 3El;1Cl 

I -- -- E, E2 -- f, E2 
-- -- -- R, C2 --
-- -- U, C2 -- --I 
-- -- -- -- --

W, C2 -- -- -- --
-- -- -- c, C2 --

1 C2 -- 1E2;1C2 2 C2 1 E2 

A3 

di f. M 

--
--

u, El _.. 
F, El 
--
--
--
--
--

2 El 

--
R, E2 
--+ 

E, E2 
--
--

2 E2 

Concepts are represented by their symbols; the letter after the 
symbol indicates which group had higher mean or variance. 

From Tables IV-14 and IV-15 we can see that the relatively small number 

of significant differences found for specific concepts supports the overall 

conclusion of no significant differences. In addition, most of the differences 

found in case A2 (middle of course) can be easily explained as a consequence 

of the different content sequences. For example, the fact that the average 

-+ number of associations (both total and significant) for concepts B and ~B 
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e < I 

{/, o , 1/ 
was higher for group El in case A2 is due to the fac t that at the tlme of 

A2 the control group had not yet studied these concepts. On the other hand, 

the higher mean of group E2, at the same time, for concept C is due to the ? fact tha this group had just studied a unit on "Capacitance" prior to the 

test. 

Since mid-course differences can be explained by differences in con-

tent sequence, let's focus our attention on end-of-course differences. In 

terms of variances, the only significant difference occurred for the concept 

E in experimental group E2. One possible explanation is that, in this 

group, some students understood the concept of electromotive force as a 

superordinate concept subsuming the induced electromotive force, whereas 

others (as it is likely to be the case in the control group) saw this con-

cept as a subordinate concept associated with current and circuits only. 

In such a case, a higher variability among experimental sub jects would be 

explained. 

Concerning the means, however, severa! differences can be found in 

Tables IV-14 and - 15 and the remarkable fact is that in only one case the 

mean of the control groups was higher. It happened at the time of A3 for 

total associations with concept L (inductance) in group E2 showing more 

associations, which could be explained by the fact that the next to the last 

unit of the control group was specifically a unit on "Inductance." It is 

true that the last unit of the experimental group was a unit on "Energy" 

and this fact could account for the higher mean of "significant associations" 

with this concept in group El; however, this case was not the only one in 

• 
which the experimental groups had higher means. Considering both total and 

significant associations, the experimental groups had higher means in six 
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ca::;cs and t he Ct•n tro ' gr oups i.n only one cas e . Fu r t hc r mor c, amn n.g Lhose 

s i x cases , fou r w ·-~n: con <.. erned with " ~; Lgnj fica nt a Sbl)t: i a til)r s. " 

1 t is true th <t t, in addition to t he possible explanation f·Jr t hc 
_.,. 

<i iff ere :ce :i.n c onc ,~p t U, the difference i n F could be exp l:1 ined s i mply by 

r:he init ~ a l differe~tce ; however, these f ou r differen ces in "signi f .i cant 

associativns" are ccherent with the general ; verage numb er o f such assoc i a-

t ions r epor ted in Ta bl e IV- 9: in this Table, although not s lgni f i ca ntly 

different, rhe averages of the experimental groups were higher t hél n the 

averages of t he contr ol groups. 

Thus, one could accept these differences as e" idence t ha t: Lhe 

Ausubelia n approach produced more "significant (meaningful?) associations" 

per concept. However, we must be careful in doing this because the overall 

• result 'va s "no s ignificant difference" anel the criterion to identify the 

"significant associations" was quite subjective. We certainly mtst gather 

more evidences before drawing conclusions about any possible effect of the 

Ausubelia n app r oach. 

Resides counting the number of total and "significant asso c iations," 

another possible way of analyzing the results of the word-associa t ion test 

is to measurc the overlapping of words associated with a c • >l~ ta:i.n t•a lr of 

concepts. Tnat is, given the l ists of words associated with two concepts, 

we can compuL. e how many of these words are common. For exampl , su pposing 

~ 

t hat the fo l l Y-ling words were associa ted \lith force (F) and elect·.c:Lc field 

. (Ê): 

.. 
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-(F) 
Force 

~-Jork 

Electr lc Fi.eld 

Magnetic F leld 

Dist.ance 

Electric Charge 

Energy 

Gravitational Fleld 

Electromotive Force 

Current 

Nuclear Force 
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_,_ 
(E) 

Electric Fleld 

Electric Charge 

Magnetic Fiel.d 

Force 

Dipole 

Energy 

Potential 

Cap;;citance 

Current 

Circuit 

we ~vould find six common words (force, electric field, magnetic field, 

electric charge, energy, and current) in the two lists (which in~lude the 

two given concepts). The degree of overlapping would give us an indirect 

measure of the degree of interrelation as well as of differentiat ion be-

tween the concepts according to the student ' s point of view. A moJe 

sophisticated measure would be to take into account the rank order of 

\'lords, under one concept, which are ::;hared in common with the other 0 1 t~ , 

and calc..1late a "relatedness coeffid ent" (Shavelson, 1972). However, we 

preferred the first type of measure bPcause, in spite of being extremely 

time consuming, we thought i t would be less time consuming than the us ·~ of 

the r e l a tedness coefficient and pe-r l>aps more suitable for quantitative 

comparisons. 

Thus, the overlapping was corn}uted for every one of the 105 possible 

pairs of concepts in each one of tre 139 individual tests of t he students 

i nvolved in the study. Then, the average overlapping for each concept in 

each group was calculated, and, finally, the general averages and mean 
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stannard deviati ,ns were computed. The results are in tlH~ foJ l ú rvin g 

Tab1es . Tah1 es IV-16, IV-17, and IV-18 s how the means anel st<.J ndard 

deviations for e ch pair of concepts. Asterisks in these Tables indi

cate significant difference .-; at the . OS .level betwee:1 mean s o r variances; 

for unequal variances an approximation of the t test (Darlington, 1975) 

was used. Tables TV-19 and I V-2 0 summarize the cases where these dif-

f erences were fo•.md. On1y tota l associa tions were considered in these 

Tab1es . 

Even considPring that Tab1es IV-19 and -20 are supposen to be a 

summary of the dif ferenc es shown in TabJ. es IV-16, -17 and -18, they are 

stil1 difficult to i 1terpret: dueto the large amount of information t hey 

contain. However, 1 1: l" 's take a general look at these Tab1es. In the 

PSI groups, we can sel· t ;tat the c~xperimental group had initially greater 

variabilities and means in matlY cases, but these differences gradually 

disappeared with time, in such a way that, at the end of the course, 

there we r e no differ . ~ces at all. In the lecture groups, the experimental 

group also had initially greater variabilities in many cases, but on1y 

two differences in means. However, at t h e middle oi the course, an in

version occurred : the control group had larger variabi1ities and means i.n 

many cases. On the other hand, at the end of the course, almost all 

differences disappeared, a s occurred with the PS I groups . 
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1.16 
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1.06 ·''· .60 
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• 1.16 .47·1 .73 
1.44 ·" 1.07 

R 

~ • - -~; ... "' ~ 

TABLE IV-16 - ~vORD ASSOCIATION TEST Al: OVERLAPPING 
(A ver age Number of Overl3pping Assoei a ted Uords for Each Pa ir o f CvtH.:eiJCt, 

L -B v u -F 
__. 
E q ~B I ~E t w c 

.89·1 . ~ .)7 
1.19 .60 .74 

. 61 .44 l'-os .u 1 ~.u . 81 I .89 . • 7 11.58 . 89,1 .• 6 .44 I . 1• .s• I .11 .67 I . 24 .u. I .29 .)0 

.82 .85 1.28 1.06 1.34 1.19 1.13 1-00 1.'2 1-05 1.05 .75 1.16 1.05 1.31 1.04 .54 .84 ,61 .61 
• 'io8 • Sfi I .79 .4 r; • 
.79 1.05 1. 44 .94 

-!2·1 .29 -11·1 . 55 
.51 ,73 .32 1.03 

.n I . 10 

.sz 1.27 

.441 .30 .u.l .46 

.94 .85 ,40 . 87 

·" I .z• .75 .60 

.33 11.16 

.73 I.J9 

. 22 ,.u 
• 51 .64 

.52 
1.16 

.47 

.eo 

. s2: I .39 .11.
1
2.00 1 . )7.

1 
· " -"·I .65 

.75 1.00 ,42 2.09 1.24 1.30 .7U 1.10 

.u I .21 .15 I .11 .52 I .42 . 30.
1 

. u 
,61 .72 . 60 1.11 1.01 .89 .61 ... 

.u 

. ts 
.61 

·" 
.u I .n 
,69 1.ZJ 

. 59 

.93 
. 55 
.92 

. 56 

.97 
1.11 
1.23 

.2 •• 1 .76 .... 1 .z• .u. 1 .24 .u. 1 .6) .z6. 1 - ~~ 

.51 ).46 ,75 .60 .36 -·~ .31 .88 .59 1-08 
·''• ,70 

-37 
.69 

.67 
1.04 

•• s · " I .32 .22 I . os .04 
,86 .69 .66 .51 .23 ,19 

. 6) 
1.02 

. u. 11.S5 

.69 1.19 

. 
.89 

1.09 
.21 
.61 

.04. 

. 19 

.u .01. I .6! .lo • 

. 39 .27 .97 .61 

- )8 
.n 

.41 

.64 
.76 
.64 

. 26 

. a 

1.10 I ,,, ·" 1 ~.oa ·"I _, .s• I .61 .70 I . 79 .67 I .1. .)7. 1 .n .o1. I -" 1. 0• 
1.30 ,94 .97 1.19 1.)7 1.11 ,9) 1.16 1.07 1.44 1.21 _,. ... -" .27 1.06 1.16 

. 47 .48 

. 98 1 . 05 

,46 .53 
.7) .70 

.u .78·l .u .11 I .u .28 I .81 

.69 1.05 .u .u . 48 .66 .84 
1.u ll- 03 ·"I .61 .u I .39 
1.31 1. 33 1.34 .97 .80 .75 

.56 1 .76 .sz 1 . u .22 1 .)4 .33 12.00 1-67 1 .58 .)) 

.19 1.30 1.05 .47 ,64 .71 .SS 1,41 1-34 1.1S .83 

• .7, .39 I .u 
.80 . 60 .52 

.17 I .u .o,· I ·" .so I -5' 

.38 ,)5 .17 .71 .77 .9] 
·" I .u . 94 1,09 

.u I .34 .26 I .84 

. 89 .15 .66 1.20 
.67 I .se -" I .]2 . 30 I .92 .81. 

1
2.00 2.19 

· " 1.08 .93 ... .71 1.50 1.00 1.45 1.47 
.l6 .15 
.72 ,60 

1.11 _,,.11-62 1.891 .78 .n 11.00 .83·11.14 ·''I·.. .69 I .n 
1.u 1.04 1.26 1.J9 1.08 .ao 1.2s .74 1.34 1.01 .87 1.01 .87 

1-33 
1

1.53 . 89 
1

1.39 1.01 I .u .s, I .26 .37 
1.49 1-43 1.12 1.70 1.49 .85 .97 ,60 .69 

.ss ·"·I .95 . 74 

.76 1.40 1.)1 1-40 

• .8, ,,,. I .e6 
1.05 .u 1.19 

• 
.97 .36. I ·" 

1.31 ·" , 91 

• .n .n. 11.03 
l.ll .59 1.19 

. u .u. I .u 
,69 ,40 • 7) 

.24 

.n 
.19 
.52 

.51 .u 
.84 ,69 

.51 ... 

.69 .61 

,)0 
. 57 

.35 

.68 

.n 

.80 

•• 1.
1 

.u .u I .u -" I .n .u .77 .as .16 .ao 1.u 

·"·I·" .... 11.19 1-12 I·" .60 .96 .65 1.17 1,26 1.04 

.u: 1 ·" .47 I ·" ·" I . 92 .69 .60 .14 .91 1.01 1.26 

.2'· l -" .36 
1

1.32 .u I .2 • 
.50 .17 ,68 1.1) 1.00 .55 

.14·1 .16 

.35 ·" 

.oo.l .u .oo .19 
.n.l .u 
.60 .6) 

. . n.l .16 
·" .44 

·" I .14 . 81 . 72 

. ,)9·1 .zz 
.77 . 58 

.zz I .o, 
,41 ,)) 

• 19 I ·" 
·" .96 

.22 I .u .u. 1 ~. .. .u .96 _,. 1.]% 

,190 1 .65 .50 11.)8 1.08•11.32 
.40 ,98 .81 1.64 1.00 1.3S . 
.zz 1 .n .u IL 7o 1.00 11.11 .67 ILst 
.41 ,9) .69 1.45 1.12 1.20 .89 1.50 

.17 I _,. .u.
1 

.65 
.45 ,86 ·" 1.01 

.5) I ·" 1. n I . )2 

.94 1.41 1.26 · " 

.za•l .11 .56 l1.oe 

.51 1.10 , 77 l-U 

. 11.1 .57 

.32 ,9) 

. 
.u • _, .)8 

.64 

.53 I .u .o3.
1 

.• 1 .u I .65 . 89 
1
1,.46 1.78 

1
1.86 2.4 2 I .u 

.Bl .54 .11 .76 .81 1.01 1.09 1.37 1-H 1.46 1.34 .90 
·" I . 27 .14. 1 .u 
.69 .84 .4% ,80 

.50 I .n ·"·I ·" .50 I .)5 

.ti 1.11 .68 · '' .u .n 
.so I .21 .se ,,. 

.zs I .zz .u.1 .65 .81 I .49 .)6 I ... 

.69 .48 ,32 . 12 1.06 .114 .68 .73 

1.15 1 ~.11 .74. I . 84 ·" I .71 .u 
1.41 1.41 .94 1-00 1.20 .58 .40 

.29 .19 

.57 , 48 

1.56 I .95 .63 I .29 .u. I .51 .6) 
1.67 . 90 1. 11 .84 .32 1.0) -" 

.lO • 70 

.92 1.14 

.61 .63 

.89 _,, 

.s2 I . 29 .26 

.9S . 61 .59 
.47 .41 I .89 .10 
.89 .89 1.50 1.17 

. 
• 5o. I ·" .65 1.11 

.u. 1 .,. .z6. 1 .21 .11 • 

.62 .41 .59 .58 . 93 

.19 

.52 

.42 

.69 

,61 
.77 

.46 .n. 1 .43 
,9) . 58 .8) 

.u .za. 1 .16 . u 11.01 1.11 
.9& .51 .50 .60 1.52 1.08 

. 10 . 69 1 .19 .n 1 .14 .o6. 1 -" 

.es .a6 ,46 .4o . 54 .21 .u 

. 56 
1.01 

. )) 

.)4 
.15 
.)6 

,)) 
.73 

NOTE: Statistics concerning the PSI groups are below the diagonal - lecture groups are above. ~umbers 
in the first row of each matrix element are the means of experimental and control groups, in that 
order. The corresponding standard deviations are in the second row. Asterisks ind icate significant 
differences at the .05 level between the means (t test, two-tailed) or between the varian ces (F t est, 

two-tailed). 

----.1 .,.. 
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TABLE I V-17 WORD ASSOCIATION TEST A2 : OVERLAPPING 
(Average Number of Overlapping Associat ed Words f or Each Pa ir of Concepts) 

- -- --ê. R L B v u F I E q t w c 
~--------,-~~--~~r-~--~~r7~r-:-~r7~---:~Tf.~~~~~~~--~~~~--~~~----~---r----------,-----~~-r~~~~~r-~--~--r:~~~:-,------------• •• 2. 00 .91 l.JI 

1. 67 1.19 I. 2l 

1.94 
1. 74 

1.06 .5o., .89 
1.47 .94 t.2a 

.78 .78 

.ao .&7 

l . a9 
1.Jl 

2.53 
1.41 

. 78 

.96 

1.)8 
1.U 

.5611.00 

.11 1.07 

1.u I .94 
1.58 1.12 

• 69 I · ' ' ••• 1 ~.o, l.J'I .85 1.2J·I · " 
1.19 .9) 1.08 1 . 06 l.ll ,86 1.)7 ,66 

.58.11.65 2. 11 

.99 1.18 1. 15 

.61 

. 99 
1.22 
I.Jl 

1.041 .u 
l.U .a2 

. 65 I .26 

.as .51 
·"·! .65 • 7711.09 1.08 
.86 .95 1.18 1.26 1.15 

1.081 .44 1.00•11.44 1.42 12.01 1.69 
1.09 .66 1.57 1.41 1.39 1.27 1.52 

2.27°11.27 
1.12 1.11 

. 
2.23·11.82 
1.66 1 . 27 

2.19 
1.67 

. 

.94 1.50 
1.26 1.30 

.61 
1.04 

1.11·1 .u ·" I ·" .SJJ 1.56 
.92 .86 .u . 84 1.2511.41 

%.35°1 • 79 
1.62 1.12 

. 
1.92. 
1.94 

1.19 1.17 
1.1t 1.03 

2.56 2.86 
1.71 1.42 

.86 .67 
1.U 1.04 

.58 
1.2) 

],J) 

1. 80 

.94 
1.n 

·"·I .• 1 .61 1 ~.,6 1.!6 11.39 
.69 .18 .a7 1.57 1.46 1.68 

],0811.19 .89 11.58 1.5012.31 
1.63 1.l] 1.10 1,]6 1.Zl 1.69 

·"·I .47 .67 l'·ll 1.01 
1

1.42 
.a7 .11 1,12 LU .91 1.27 

1.64 I'·" 1. 40 1.64 

2.391 .u 
1.42 .97 

1.50 I .• 1 
1.11 l.U 

1.19 
l.]] 

.u 
1.10 

1.01 
l.lS 

1.19 '·"·11.67 
1.65 1.10 1.69 

1.!! 
1.61 

1.56 1.25 I 1.44 l.!al .91 .94 12.19 '·''I 2. 47 2.61 11.06 1.28 I'·" 2. 5812.5) 2. 44 
1.52 1.18 í 1.21 1.37 l.U 1.11 1.67 1.60 1.93 1.51 1.19 1.26 1.93 1. 81 1.93 1.89 

1.64 
1.5l 

.64 
1.02 

t.•7 
1.45 . 
.19. 
• 40 

• 69 .7! 
.98 .84 

1.61 
1.52 

.56 

.69 

·" .14 

1.58,1.11 
1.50 1.21 

. . 11,, . 5) 

·" . ·" 

1.06 ,2.0] 
1.41 1. 75 

.u. 2.44 
1.16 1.68 

1.u I 2. 39 
1.23 1.69 

1.9Z j ,81 
1.6611.09 

2.81 11.17 
1.79 p-61 

I 
• • .25.

1 
. . 51 

.55 1.16 

1.28 ,2.11 
1.4] 2. 12 

.2'•1'·17 

.50 1.58 

2.42 12.81 
1:70 1.94 

.64·11.17 

.ao 1.01 

].11 
1.19 

.n 
1.1) 

·" 1 .21 ·" 1 ·'' ... 1 .5] •• 2 1 .67 1.01 l'·u 1.161 . a1 1.39 • 
.es .61 ,19 .91 .ao .88 1.u 1.10 1.11 1.n 1.42 .95 1.44 

l.JJ 1.69 I .92 ·''I .42 .]6 I .75 .9212.]6 2.67 12.]6 2.89 I 2.5] 2.92 11.28 1.]9. 
1.57 1.41 1.48 1.1) .81 .72 LOS 1.02 1.84 1.75 1.4a !.41 1.92 1.65 1.67 1.08 

1.]6 
1.44 

1.44 
1.27 

1.44 
1.76 

1.081 .a6 
1. 08• 1.11 

. 72 
1.28 

.64 
1.10 

.8611.61 

. 96 1. 40 
2.11 I . 94 
1.25 1.)) 

1.19 
1.47 

.72 
1.16 

1.28 ,1.64 
1. 21 1,42 

2. 14 
1.ll 

. 56 .n.l .n 

.70 1.24 .99 
. 7] 
. 96 

LO) 1.1a 
1.11 1.10 

,4 7 .65 
• 79 1.06 

. 
. 16 .81. 
. 57 1.23 

. so . 81 I .76 .u I .85 1.oa I .88 ·"·I .24 .42 
, 75 1.06 1.U 1.02 1.28 1.lS 1.20 .11 . 50 .70 

. 79 .as 

. 95 1. 16 
1. 00 . 96 
L 21 1.46 

.21 . 1a, I . 62 . 11 

.48 , )U 1. 04 • 67 

1.06 1.00 11.11 1.11 11. 85 1. 18 12. 09 2. 12 j .n .11. 1 . 14 . as 
. 9S 1. 36 1.]6 1.41 1.)1 1.47 1.38 1.]7 . 81 1. 52 1.02 1. 2~ 

.59 .96. 

. A6 1. 43 

1.24 1.27 
1.16 I.U 

2.21 
1.14 

.41 .96·1 .79 

.92 1.46 1.07 

1.18 1.54 11.74 
' · 19 1.65 1.!2 

2. a9 2.8) 
1.49 1.21 

2.Zl 
1.11 

• 2. 14 2.91 I ].61 
1 . Z7 1.21 2.21 

1.44 .78.11.58 
1.]6 ,99 1.70 

2.65 
1.64 

l . U 
1.52 

2.54 
1.79 

1.88 
1.51 

2.]1 
1.16 

. 

.94 • 
1.17 

1. 94 2. 27 
1.]7 1 . 21 

.76 
1.10 

. 
• 14 2. 00.1 .)2 

1.21 1.79 . 5] 

1. 44 2. n•1 .85 
l.ll 1.67 1.08 

2.44 2 . 85 ,1 . 65 
1. u 2 . 01 I 1.10 

1.es 2. u.l1." 
1.07 l.SS 1.19 

. 81 
1.50 :~! 1 : ~:· 

• n.l .56 .11 
1.n 1. oa 1.sz 

1.04 II.H 1.21. 
1.46 1. 76 1. 87 

1.ll., . 82 1.04 
1.91 1.11, 1.37 

1.15 1 ·" .62• 
1.59 • 70 1.42 . 

1. 69 I L" 1.21 I . !6 .65 
1 . 26 t.u t.6• .n t.o9 

1.50 
1.50 

l.ll 
1.46 

. 62 1.o•. 

.92 1.75 

• 81. 
L20 

• 61 .47 I .7l 1.06 I 1.06 1.19 I .61 
.96 .81 1.09 1.24 1.24 I . JS .9) 

• 78 1.00 11. 67 2.01 1 t.et 2.06 1 .50 . 19.11.13 1.zs 
.99 . 89 1. 74 l.ol I 1.69 1.51 1. 11 .64 1.45 1.25 

1.06 1. 58 11.61 
I. U 1.00 1 . 40 

2.11 1.21 1.81 Z. ll 
1. ]7 L 41 

• 42 
.69 

.)l 

. P6 
. SJ t. cs • 

l. flO 1. 46 

1.!6 2-" 
1.26 1. 56 

2.15 2.71 
1.28 1.22 

2. 12 2. 96 
1,41 1.6G 

1.1 2 1. 71 
l.ltl J. H 

. 

. 
.s9 1. 18. 
.86 1.65 

1.06 
1.28 

.l5 

.71 

. 51 

.81 

1.15 
1. 15 

.91 
1.11 

. 
2. 00 
L 50 

. 
1. sa • 
1.88 

• 1. n • 
I.BO 

1.85 
1. 59 

1.6) 
I. 52 

. I . t.26 2.4 • t.t s 2.46 
1.46 1 . 50 1.11 L45 

1.01 2.oa• 
1. 16 1.44 

• 44 . 6.5 • 
.19 L26 

1.12 
I. 30 

. 59 
• 9~ 

1.&s• 
I. 79 

.73 
1. ;\6 

1.19. I .41 .)9 • 
1.81 • 70 1.42 

1. 08 
1.00 

. 
1.69 • 
1.44 

NOTE: Statistics concerning the PSI Groups are below the diagonal-lectur e group s a r e abov2. N u~bers in 
the first row of each matrix element are the means of experimental and control groups, in t hat order. The 
corresponding standard devia tions are in the second r ow. Asterisks indica te signif ican t di ff erences a t 
the .05 level between the means (t test, two-tailed) or between the variances (F test, two-ta iled). 
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l','.PT ... - - \ -18 - WORD ASSOCIATION TEST A3: OVERLAPPING 
(Average Number of Ove rlapping Associated ívords for Each Pair of Concepts) 

-e R L B v 

2.46 1.47,l.ll 1.11,,1.16 
1.60 . so 1.84 1.16 1.76 

2.23 1.70 1.37 1.96,1.1) !.ZS I .97 
1.37 1.31 1.26 I. )J 1.41 1.19 1.28 

2.11 2. 21 11.06 1.09 2.37 J.ZS I 1.09 
1.37 1.67 1.03 .95 1.)) 1.}) \.33 

2.49 2.42 , .. 77 2.12 1.26 1.00 1.12 
1.84 1.66 1.54 1.5% 1.14 1.09 .91 

1.57 1.48 
1.31 1.39 

.89 1.]911.46 1.09 11.31 1.2711.86 ).85 

.93 1.22 1.48 1 . 21 1.25 1.%8 1.41 l.ll 

u -F 

1.46 11.16 J. 08,J.JB 
1.74 1. 39 1.81 2.04 

1.00 I 1.19 1.00 
1

2.22 
1.10 1.28 l.H 1.51 

1.25 ,1.97 1. 7l ,2.44 
1.48 1.56 1.56 1.50 

2.29 I 1.56 1.96
1

2.25 
1 . 71 1.22 1.61 1.81 

I <JE 

2.79 
1

1. )4 .11 I 1. 53 
I. Sl J.U 1.01' 1.6! 

2. 11 I 1. )8 1.11 
1

1.59 
1.66 1.36 1.41 1.29 

Z.ll 11.78 1.58 ,2.28 
1.45 1.21 1.]. 1.51 

2.11 I 1.59 1. 11 
1

2. 22 
1.68 ).50 l.JI 1.68 

-E q ~B t H c 

2.00 1.11 ll.U 1. 38 1.01 1.41 11.18 t.7J 2.c..t.~ 1. )4 
1.81 . t i• 1.41 1.10 . 9) 1.)1 1. 41 l .H 1.7' 1.06• 

.8) I 1.n 1.)] I .es .n I . 81 1.08 
1

1.14 1.54 
1.20 1.74 t.51 .94 .82 . 74 1.50' 1.52 \.56 

~.., 
1

1.56 1.08 1 ~.12 1. 92 
1

1.16 1.38 I .61 1.08 
1.61 1.27 1.28 1.15 1.1' 1.22 1.1) 1.07 l.IB 

2. 00 I 2.09 l.SS ,2.69 2. 29 11.5) 1.42 11.06 I.Zl 
1.41 1.40 1.25 l.Z6 1. 16 1.27 1.18 1.19 1.44 

2.21 I 2.18 2.04 11.06 .83 11.09 1.08 ,· L 72 2.54 
1.11 1.84 1.51 1.11 .t2 t.4o ;..u 1.42 2.06• 

1.71 J.H 
1.67 1.59 

1.06 1.)) 
1.11 1.49 

1.)4 1.11 
J .15 1.27 

2.H 1.79 
1.76 1.38 

1 . 66 2.3811.84 1.96 11.09 .96 11.7! 1.46 I 1.75 1.67 I .~ 7 .96 I .63 l.U I 2.06 3. 25' 11.69 1.67 
1.64 2.08 1. 94 1.76 J.)l 1.04 1.6) 1.67 1.1) 1.11 1.26 1.11 .94 1.28 1.6) 2.01 1.60 l.l~ 

2.06 1.97 I .86 1.06,1.20 l.U ,1.82 1.94,1.57 2.U ,1.66 2.06, ...........,1.71 2.17 ,1.U l.J) ,2.25 2.04 I 2.22 2.21 ,1.47 1.17 I 1.56 1.11 ,2.)4 2. 11 11.09 1.~7 
1.51 1.40 1.24 1.14 1.41 1.35 1.34 1.41 1.)) 1.60 1.71 1.39 ........... 1.54 2.04 1.39 1.20 1. 57 1.11 1.9) 2.04 1.22 1.20 1.22 1.70 1.86 1.6! 1.17 1.74' 

3.14 3.45 ,).09 ).51 ,2.23 1.88 ,2.24 1.4812.4) 2.88,1.54 1. 55,2. 00 2.12, .............,l.U 1.71 2.69 2.63 I ).00 2. 88 ,1. 94 1.81 11.59 1.81 ,1. 18 2.JJ.,2.01 2.61 
1 . 53 1.58 1.52 1. •2 l.H 1.58 1.54 1.42 1.10 1.12 .1. 11 1.11 1.66 2.00 ............_ 1.11 1.41 1.80 1.58 1.eo 1.11 1.41 1.55 1.41 1.81 1.64 1.88 1.45 1.~7 

z.zo 
1.49 

2.49 
1.60 

z.n 
1.68 

2.03 
1 . 42 

1.80 
1.65 

1.54 
1.31 

! .U 
1.48 

1.76 
1.66 

1.24 
1.70 

%.36 
1.41 

1.85 
1.64 

1.61 
1.41 

1. 64 
1.29 

2.06 
1.27 

.u 

.95 

1.69 
1.35 

1.40 
1.!4 

.77 

.94 

.91 

. te 

1. 00 
1.11 

1.91 
1.27 

1.u.,1.n 
1.41 1.20 

1.48 11.57 
1.]5 1.24 

1.79,1.63 
1.36 1.17 

1.00 2.00 
1.25 . 1. 39 

1.41 11.43 
1.12 I.Jl 

!.se.j .74 
1.62 1.12 

1. 70 ,1.80 
1.45 1.43 

1.41 
1 . 50 

1.82 
1.55 

1.52 
1.60 

2.58 
1.37 

1.11 
1.)7 

1.06 
1.27 

1.51 
1.46 

2. 18 
1.42 

7..16 
1.43 

!.OJ 
1.53 

!.76 
1.2) 

1.65 
1.67 

.94 
1.31 

1.JZ 
l.U 

2.45,1.51 
1.46 l.U 

2. 761 2.29 
1.52 1.)6 

2. 24,1.97 
1. 28 1.52 

2. 911 .97 
1.44 .98 

1.45 11.00 
1.18 1.26 

1.271 !.14 
1.40 1.52 

1.64,2.34 
1.11 1.66 

1.7611.26 
1. 2) 1.11 

2. 82,1. 77 
1.47 1.48 

2.45,1.57 
1.66 1.56 

1.21 ,1.03 
1. 22 1.07 

l.U ,1.20 
1.25 1.11 

2.55 ,2.29 
1.62 1.69 

2.)6,1.89 
1.58 1.47 

1.06 
1.14 

1.79 
1. 60 

1. 55 
1.21 

1.09 
1.10 

.97 
l.Jl 

2. 73 
1.57 

1.64 
1 .19 

1.80 
1.68 

2. 23 
1.61 

2.37 
1.110 

1.41 
1.36 

2.)1 
2.15 

! . 46 
1.63 

1.54 
1.42 

2.03,2.11 
1.57 I. Jl 

1.00 I 1. 00 
1.15 2.04 

2.70,2.71 
1.72 !.08 

1.64,2.09 
1.41 1.42 

1.94,2.Jl 
1.11 1.78 

).2111.54 
1. 78 1. 77 

1. 8812.81 
1. 56 1.09 

2.55. 
!.06 

3.0) 
1 . 94 

3.03 
1.11 

2.21 
1.62 

1.94 
1.64 

2.12 
1.88 

2. 79 
I. 71 

1
1.81 l.U ,1.)4 .96 11.06 .92 ~1.~8 I . 7 
1.)) 1.31 1.26 1.55 1.22 1.25 l '' 1.41 

1
1.94 1.71 11.50 ). ; t. I 1.78 l.F ,2 . 59 l .lG 
1.29 1.76 1.44 2.06 I.SB 1.71 1. 41 1.44 

i 

1
1. 81 1.50 1.)4 1.54 ,1. 84 2. 00 ,l.ll 2. 54 
1.36 1.64 1.29 2.06• 2.50 2.06 1. 59 1. 41 

2.11 2 .)9
1 

2. 34 2. 11 1.s1 1.13 1.46 1 ... l.JJ 
1

1. 19 . 96 
1.62 1.66 1.49 1.76 1.34 1.57 1.53 .88 1.61• 1.12 1.27 

1.110 1.se 11.91 1.10 ,1.11 1.76 L8t 1.45 1. es• 1.06 1.u. 
1.45 1.60 1.96 1.79 1 . 51 1.54 1.60 1.72 1.54 . 91 1.72 

1.03 1.45 ,2.00 2.52 11.80 2.31 11.01 1.15 11.46 I. 79 
!.U 1.44 1.75 1.92 1.71 1.71 1.)6 1.28 1. 60 1.84 

1.94 2.42 ,2.80 3 .18 I 2. 71 2.85 11 . 23 1.H 11.49 1.48 2.20 1.96 
1.26 1.12 1.57 1.47 1.58 1.52 1.11 l.ll 1.)1 1.66 1.40 1.64 

NOTE: Statistics concerning the PSI groups are below the diagonal-lecture groups are abuve . ~umbers in 
the first row of each matrix element are the means of experimental and control groups, i n that order. The 
corresponding standard deviations are in the second row. Asterisks indicate significant differences at 
the .05 level between the means (t test, two-tailed) or between the varian ces (F test, two-tailed). 
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TABLE IV- 19 

\vORD ASS r. IA T LON TEST: OVERLAPPlNG-PSI GROUPS 
( PaLrs o f Co nrop s Wh e re S igniflc~nt Di f f erenc e s Occurrcd) 

---- - - ----------
Al 

v 
-----··-----

t/L, El -f:./B, El 
E/V, El 

é/~E' El 
~· 

E./ E, El 
ê/q. El 
/tB' El 

R/L, El 
R/U, Cl 

R/~ , EJ 
E _,. 

R/E, El 
R/q' El 
R/c}B, El 

R/t, El 

__. 
L/B, El 
L/~ El 
L/E,.. El 
L/E, El 

L/t, El 
L/W, El 
L/C, El 
- a-
.!VI, El 
B/ t , El 
V/r}E, El 

V/q, El 

-~ 

U/E, El 

V/tfi , El 
E 

V/q, El 

B/U, Cl 
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TABLE I V-1 9 -- Continued 

-- -- --

Al A2 A3 - - -
v M v M v M 

,.. 
fji, El ...... 
F/Y,E' EJ. F/pE' El 
_ ,.. 

~ 

F/jJ
8

, EJ F/t}B, El -F/C, Ll 

-+ I/{JE, Cl 
I/E, El 

I /q , El 
I /{JB, El 

I/ t, E1 I/t, Cl 
-+ I/W, El 

{>E/E, El 
~E/q, Cl 

{JE/t, El ç}E/t, El 
ç}E!/>8, El 

r}E/H, El 
-~ 4 4' 
E/ /JB, El E/r}B, El E/~B' El 

q/r}B, El 

q/t, El 
q/W, El 
ç}B/t, El r}B/t, El 

t/C, El 
r}?/W , El 
t C, Cl 
W/C, Cl W/C, Cl 

TOTALS: 
~1 ~2 ~3 

v M v M v M 

El> 41 13 15 5 -- --

Cl > 1 -- 5 3 3 --
- - -- - - -
42 1 3 20 8 3 --

NOTE: Concepts are represented by its symbo1s; le t ters indicate which 
g oup had higher menn or variance. 
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TABLE IV-20 

WORD ASSOCIATION TEST : OVERLJ\PPING-LECTURE GROUPS 
(Pairs of Concepts Where Signifi cant Differences Oceurre d) 
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T.I\BLE IV-:W -- Conti nued 

--- -- - -- ·- -- --- --- -- ----- ·-·-----------L - - - -·~- - · ----- ---
Al A2 .1\3 -·- ---· 

v M v M v M T------
I 

- ------·-

U/I, C2 UI_~, C2 

I U/E, C2 
I u/ç&E' C2 

i 
l I U/q, C2 U/q, C2 
l I U/ç&B, C2 

U/W , C 

I U/C, C2 I U/C, C2 i ---+ 
-+ I F/q, C2 
F/ t, E2 F/t, C2 - -· I F/C, C2 F/C, C2 F/C, C2 

1/r/JB, C2 
I/W , C2 I I/W,C 
r}E/q, E2 

I 
f>E/q, C2 

r}E/t, C2 
I I f>E/W, C2 r}E/W, C2 ...)> l E/ t, E2 

I 
I {>E/C, C2 

q/ t' C2 I 
q/t, C2 -E/q, C2 

pB/t, C2 f>B /t, C2 

PB ft:J' C2 I 
/JB/W, C2 i>B/W, C2 

I pB/C, C2 
l t/W, C2 t/W,C 

I t/C, C2 t/C, C2 

l W/C, C2 -yw, C2 
E/C, C2 
q /V.J, C2 
q/C, C2 
W/C, C2 

TOTALS: I 

Al A2 ~ -~ -
! 

M M M " v v 

E2) 24 2 2 - 7 -
C2;> 6 - 29 23 6 3 - - - - -

30 2 31 23 13 3 

-
NOTE: Concepts are represented by its symbols; letters ind icate which 

group had higher mean or variance. 

2 

2 

2 
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In arder to try to interpret thcs0 results, let 's see lf the general 

averages and mean standard deviations s how the same pattern. TRble IV-21 

presen ts the average overlapping for al1 105 pairs of concepts io each 

group, and Tabl e IV-22 shows the mean standard deviation for. a ll pa irs. 

Group 

El 

Cl 

E2 

C2 

Group 

El 

Cl 

E2 

C2 

TABLE IV-21 

AVERAGE NUMBER OF OVERLAPPTNG ASSOCIATED HORDS 
CONSIDERING ALL PAIRS OF CONCEPTS 

l Al A2 

M t M t M 

. 64 1.30 1.86 

** * .51 2.27 1.39 -.87 1.99 

.67 1.08 1.71 

** ** .54 2.35 1.44 -4.02 1.72 

-

* ** p > .05; p ~ .05, two-tailed. 

TABLE IV-22 

MEAN STANDARD DEVIATIONS FOR ALL PAIRS OF CONCEPTS 

~ 
Al A2 

t MSD t MSD 

.91 1.32 1.46 

** ** .71 4 . 99 1.21 2.31 1.48 

1.00 1.11 1. 47 

** ** .86 2.94 1.37 - 6.73 1.47 

* *~~ p > .05; p <.OS, two-tailed. 

A3 

A3 

t 

* -1.46 

* - .12 

t 

* - .62 

1' 
.00 

N 
2 

105 
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These Ta b1es , i ndeed, s hm.;r the same trend of Tab1es IV- 19 and -20. The 

experimental grou ps had averages a nd variabilities signific antly higher than 

t he cuntrol groups at th e beginning of th e course, but, at t he end , there 

wer:e no significant dif ferences between the groups of each pair . T.he inversion 

in case A2 f or the l ec ture groups, is a lso c l ear in Tables IV-2 1 and -22. 

A posoible interpretat i on of these results can be found, accor ding to 

the fo l 1owing line of r easoning: supposing that the degree of overla pp i ng 

i s an indication of t he degr ee of r elatedness between the concepts of a 

given pai r, to the extent that concept learning occurs during the cours e , 

we can expect an incre ase in the overlapping of associated words fo r any 

pair of concepts because all of them are relevant to the study of electro

magner ism and , consequently, are related. Obviously, the degree of rela

t i ons hip between t h e concepts is variabl e, but the general tendency would 

be an i nc rease i n ove rlapping . However, if strongly accentuated this 

tendency \·lüuld work a gainst concept differentiation. That is, considering 

that the overlapping is an indirect measure, a high degree of overlapping 

would indicat e a l ow degr ee of different i ation. 

Thus, on one hand we would expect an increasing degree of rel a t ionship 

am ong conc~pts f rom t he beginning to the end of the course, bu t , on the other 

hand, i f concept differentiation is desirable, we \vould not expect this ef

fect t o be very s t r ong when measured indirect1y through ove rlapping of words 

assoc iat ed wi t h the s e concepts . 

Coming bac k t o Tab1e IV-21, we can see that, as expected , the aver age 

overlapping increased i n all groups. However, this increase was more 

accent uated i n the control groups and even caused a significant invers i on i n 
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the l ec t ure groupc a t time A2. The increase in var i ability i n a.l l. groups 

woul d h " a lso expected since some students would l ea rn more meaningfully 

than othe r s , but, agn in, the increase was more accentuated i n the control 

groups and a significant inversion occurred in A2 (Table IV - 22). 

Thus, we could say that according to our previous reas oning , rhe de

gr e e of concept diff erentia tion was greater and more unifo r m in t h e experi

mental groups. Consequently , we could interpret results a s a n evidence 

that the Ausubelian approach was more efficient in fostering concept dif

ferentiation than the traditional approach or, at least, that it provided 

for concept differentiation earlier in the course, since the differences 

were no t statistically significant at the end of the course. 

Howcver, we must be careful again because the same argument could be 

used to say that the evidence is that the Ausubelian approach was less 

efficient in helping the students to see a closer relationship among the 

concepts. 

The numerical association test, which is a more direct measure of the 

d egree of relationship between concepts, will provide an alternative ~valua

tion to decide between these rather contradictory interpretations. 

IV-3 The Numerical Concept Association Tes t 

As already explained, in the numerical association t est students were 

given a list of 105 pairs (the same used to compute the overlapping), in 

r andom order, and they should check a number from 1 to 7 indicating the de

gree of relationship for each pair , 1 standing for the highest r e l at ionship 
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and 7 for the J01.-rest. The means and standard deviations for each pa irare 

in Tables lV-23, IV-24, and IV-25. In these Tables, asterisks indl cate 

signí f i ca nt differ enc e s at .05 level. An approximatíon of the t u~s t was 

used (Darlíngton, J975) for th e case of unequal variances. The cases whe re 

these s i gn i fí cant differences occurred are s ummarízed in Tables IV-26 and 

IV-2 7. These Tables are still difficult to interpret, but in the case of 

t he PSI groups (Tab le IV-26) we can easily see that, particularly a t the 

end of the course, the means and variances in the control group were 

s igníficantly higher than the experimental one in many cases. To be precise, 

a t oppor tunity A3, the mean of the control group was higher in 23 cases 

(i .e., in more than 20% of the cases), whereas in none of the cases the in

vers e occurred. In terms of variability the trend was similar: the variances 

of the control group were higher in 13 cases (more than 10%), whereas in only 

2 cases (2%) the experimental group had grea.ter variance. Thus, in the PSI 

groups the experimental one tended to present smaller means (higher relation

ship between concepts) and variances. However, this trend was no t observed 

in the lecture groups where few sígnificant differences were found. 

The general means, i.e., the means of the means corresponding to each 

pair, in each group are presented in Table IV-28 and the mean stand ard 

devia tions are shown in Table IV-29. These tables offer a general view of 

the resu lts of the numerical association test which confirm both the trend 

observ ed for the PSI groups in Table IV-26 and the lack of signif icant dif

f erences in the lecture groups. 
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NOTE: Statistic s ~oncerning the self-paced groups are below the diagonal-lecture groups n re above. 
Numbers in the first row of each matrix element are the means of experimental and conlrol groups, in 
that arder. The corresponding standard deviations are in the second row. Asterisks indicate significant 
differences at the .05 level between the means (t test, two-tailed) or between the variances (F test, 
two-tailed). 
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NOTE: Statistics concerning the self-paced groups are below th e diagonal line-lecture groups are above. 
Numbers in the first row of each matrix element are the means of experimental and control groups, i n 
that order. The corresponding standard deviations are in the second row. Asterisks indicate significant 
differences at the .05 level between the means (t test, two-tailed) or between the variances (F test two-
tailed). 
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TAIVLE IV-26 
NIJMERICAL ASSOCIATION TIÍST-PSI GROUPS 

(Pairs of Conce^pts Where Significant Differences Oacuricd) 

Al 

q/l, Cl 

I/V, Cl 

I/L, Cl 

Íe/E, El 

U/I, Cl 

M 

q/l, Cl 

t/V, Cl 

I/L, Cl 

R/V, Cl 

U/I, Cl 
—> —^ 
F/B, Cl 

:í. •) •• 

Vtlí* ,v.'' 

A2 

q/l, Cl 

I/^, Cl 
I/E, Cl 

Í E / E , El 

ig/l, Cl 

E/V, Cl 

"E/B, Cl 

U/£, El 

M 

F/W, Cl 

W/C, El 

I/L, Cl 

t/E, Cl 

$ E/I, Cl 

Í e/R, 1̂ 
E/V^ Ci 
<<b/E, Cl 

B/R, iJl 

E/R, i;i 
t/í^g, CL 
U/e, El 
í5b/v, Cl 

?ÍE/V, Cl 

í5E/^B'C1 

t/B, Cl 
t/ífg, Cl 

^/fíE, Cl 

\3 
M 

q/l, i.l 

I/E, Cl 

C/V, Cl 

<ÍE/I,C1 

F/iT, Cl 

E/v, Cl 

F/L,Cl 
i/v,ci 
w/c,Cl 

u/e, El 

F/^, Cl 
W/"E, Cl 

F/C, Cl i! 
I/L,Cl 
C/V,Cl 

w/ér,Cl 
/E/I,C1 

F/lT, Cl 
/^/R,Cl i 

I/c,Cl ^ 

F/^, Cl 
W/^, Cl 

'F/E,C1 
^/í^.-.Cl 
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TABLE IV-26 -- Continued 

Al A2 A3 - - - -
v M v M v M 

~-----

-+ 
r /-+ /JE/B , Cl 9>E B, Cl 

q/R, Cl 
-to 

U/B ,Cl 
é./V, El f./V, El 

fE/C, El 
~ 9fU/~C1 

U/E, Cl /E , C1 
W/R, Cl 

q/C, El 
q/V, Cl ..... 

_!:JF,C1 
E/E,C1 
t/L , C1 

U/V, C1 U/V, C1 U/V,Cl 
I/R, Cl I/R, C1 
U/W, Cl U/W, C1 U/W , C1 
I/f., E1 

-+ U/C, E1 U/C , E1 
U/F, C1 

TOTALS: 
A1 · A2 ~3 -- ::.::. 

v M v M v M 

E1> 3 - 5 4 2 -
C1> 8 6 9 16 13 23 - - - - - -

11 6 14 20 15 23 

NOTE: Concepts are represented by its symbols; letters indicate 
which group had higher mean or variance. 
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TABLE IV-27 -- Continued 

- - ----- ---- - ------- ---- - -

I A1 A2 - - -
v M I v M 

- ---· ---

I/R, E2 
U /Til, E2 

U/C, 
<JB/f,, E2 -U/F, E2 

~E/I, E2 .-. 
E/ E., E2 

- -- -
TOTALS: 

~~ !2 
v M v M 

E2 ) 12 6 1 7 

C2) -- 3 5 -- - - -
12 9 6 7 

E2 

----·------

v 
--- ---

q/C})E' 

W/V, 

U/W, 
I/f., 

E 

c 
E 

E2 

2 
2 

M 

4iB/ E, E2 
~ 

2 U/F ,E2 
4-

U/F, E' 

v 

12 

7 -
19 

A3 
-1 M 

6 

1 

7 

NOTE: Concepts are represented by its syrnbols; letters indicate 
which group had higher rnean or variance • 
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Assuming thal most of t he fifteen concepts selected for tl1i s test were 

relatively unknmm to the. s tuden ts and considering that all of tl 1em ore rel-

evant to the study of electronwgnetism and, thus, related at l east to s ome 

extent , we could expect a decrease in means and variability from Al to A3 . 

That is, \'le would expect that as the course deve loped, s tu dcnts wou ld see 

more rel a tionship be tween the concepts and would give more unifor m r atings. 

This expectation is supported by the r esults shown in Tables IV-28 and - 29 : 

~hey seem t o ndicate a gradual decrease in means and variability in all 

groups. 

However, t hese Tables also seem to indicate that, in the case of the 

P.,i groups, such a decrease was more accentuated for the experimental group: 

nt the end of the course the mean of the experimental group was significantly 

l m-1e r than th mean of the con t r ol group; the mean standard deviation was 

also lower but not statist ica lly significant. I n the case of the lecture 

groups, no significant differences were found. At the end of the course, 

the variability of the experimental group was slightly lower, but the mean 

was slightly higher. However, in both cases the difference was not signifi-

cant. 

T.lllls, these results could be interpreted as evidence that, pa rticularly 

t 
! 

jn the case of the PSI groups, the Ausubelian approach was more efficient in 

helping the s t udents to r elate the concepts involved in the course. But, in 

a cccpting this evidence, we are ruling out the second possible interpretation 

forrnulated for the results of the overlapping in the word associat ion test. 

(At t his opportunity we s. id that the Ausubelian approach could have fostered 

more concept dif f erentiation than the traditional approach, but could have 

been less efficient in helping the students to relate the concepts .) 
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TABLE IV-28 

GENERAL MEAN SCORi3S I N THE NUMER ICAL ASSOCIATION TEST 

T------- ---·-----

A1 A2 A3 

Gr~~L M r· M t M 

EJ I 3 .33 3.08 2 . 80 

Cl-+3 

E2 3 

~-J-3 

* * .41 - . 57 3.33 -1.54 3.24 

.59_1 i 3.51 3. 21 

. 52 ~3.39 * .77 3 .03 
.. . ·--

_j 
* ** P > .05; p < .05, two-tai.l ed. 

TABT.E IV-29 

MEAN STANDARD DEVIAT i. ONS Il ' THE NUMI::RICAL ASSOCIA'fiON TEST 

Al A2 A3 

Group M r M t M 
- - --

El 1.77 1 .57 1.51 

* * Cl 1. 82 -1.02 1 .56 .17 1.62 

E2 1.89 .i. .77 1.66 

* * C2 1.86 .65 1 .82 -1.24 1.71 

-- . --

* p > .05, t wo-tailed. 

-

t 

** -3 . 17 

* 1.13 

t 
----

* -1.99 

* - .85 
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T king a rather general position and putting together the bits of 

2vid enc e gathered from the word association and the numerical association 

tests, '"e could interpret them as evidence that the Ausubelian r~pproach 

f ostered significant associations, concept differentiation, and concept re

latedness to a larger extent than the traditional approach, and that these 

êffects were more accentuated when individualized instruction was used. In 

:1ddition, we could say that, in tenns of tradit: ional achievement measures 

the Ausubelian approach '"as, at least, as efficient a s the traditional one. 

However, we must agree that, so far , this evidence is not toa strong 

and that the analysis of the results was kept at a rather macroscopic level. 

rhat is, the statistical analysis of the association tests was quite simple 

and more refined techniques like multidimensional scaling or relatedness co

efficients could lead to evidences less (or more) supportive of Ausubel's 

theory. However, we think that a first attempt to make sense out of the 

large (and variable) amount of data provided by the association tests should 

not be highly sophisticated. ("Sophisticated" statistical approaches tend 

to obscure the meaning of the raw data.) In addition, we also had the 

oraphical association test and the laboratory test to gather further evidence 

bout any possible effect of the Ausubelian approach in comparison to the 

traditional one. 
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lV-4 The Graph i cal Concept Associatjon 'l'est 

I n this test, students were given a list of nineteen concepts, in

cluding the key concepts of electromagnetism as well as subordinate concepts, 

and asked to draw a "concept map" (although this terminology was not used) 

according to the following rules: The more general concepts should be written 

inside r ectangl •::;, concepts at an intermedinte level of generality should be 

written insjde ctrcles or ellipses, and the least general concepts should be 

just written without any geometrical figure surrounding them. In addition, 

lines of arbitrary size and shape should be used to connect related concepts. 

This test provided remarkable differences between experimental and 

control groups. To support this assertion and the interpretation of the 

results of this test we randomly selected five sets of tests (Al, A2, A3), 

corresponding to five students from each group. Thus, a total of 20 sets was 

randomly selected: eight of them, two for each group, are reproduced in 

Figures 1 to 8 and the remaining 12 are in Appendix XII. All maps in Figures 

1 to 8 and in Appendix XII are exact reproductions of the actual maps drawn 

by the students. 

Analyzing these maps qualitatively, it is hard to see any major dif

ferences in the maps drawn at the beginning of the course (Al). However, 

at opportunity A2 (middle of course) we can see in the experimental groups a 

tendency toward a vertical conceptual hierarchy where the most general con

cepts are at the top. In addition, there is also a tendency of identifying 

"electromagnetic field" and "electromagnetic force" as the most inclusive 

concepts. 
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Displacel!)ent 
Current -------

ELECTROMAGNETIC 
PIELD 

Electr!c ___ Displacement 
Resietan~ Current 

Capac1tance~ 

lnductance 

Fig. IV-1. Concept Maps, Student # 19, Group El. 

A3 
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Elec'tromagnetic 

?i ele! 
7 

Electric Potential 

Ele~tric Resistance Magnetic Fll:x 

ILLEc:RO~~GNE!IC PIELD 

\ 
:E:L:ECTRlC 
CURRENT 

\ 
mDUCTANCE CAPAC!TANCE 

Elec1:romagne'tic Force 

Electro1Dot1ve 

AJ 

A2 

Elec1:r1~ Energy M~e,ic Energy Forc\ ~ 

lnduc"\ce -----C7 i tance ------Eleclic current --~~~r~~e~en-. 

Electric Charge Elec'tric Resistal'\Ce -Electric Power 
AJ 

Fíg . IV-2. Concept Maps, Studcnt # 26, Group El. 
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r--------!ELZ~!UC 

~.:SCT!UC RESIS':J.!lCE --ELECTRIC POTE!\TIAL -ELEC1'RIC FLUI-
ELECTRIC POW:ER 

'---------;::;;,.::.:cTROMAGNETIC 

~LECTROMAGNETIC FlELD 

l 
ELECTRIC 
!'LU X 

1 
ELECT?.IC 
FO!ENTIAL 

l 
DI SPLACE~~EUT 
CURRENT 

ELECTRIC ELECTRIC ELECTRIC 
CHARGE CURR.ENT - RESISTANCE 

I ! 
ELECTRIC ELECTRIC 
POiiER P~ENTIAL 

ELECTRIC ELECTRIC 
ENERGY POWER 

\ I 
CAPACITA..>;CE 

t 
IUDUCTANCE 

DI SPLACE!-!EN'!' 
CUiUlENT 

MAGNl:TI C El'EP.~ Y 

MAGliETIC 
E:lE.!~GY F!..UX 

Fig. IV-3. Concept maps, Student # 19, Group Cl. 

Al 

A2 

A3 
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!leetr1c 
Res1st.ance 

Magnetic Energy 

Electromagnetic Porce 

__________ ---.~/ [ Magnetic Energyl 

I Elect ric Ene::-gy 1--~~:~;ri c 

I 
Electromotive Force 

Electric ----{ 
Force 

I 

Elect::-ic 
Charge 

Magnetic 
Porce 

M881\etic P'lux 

Electromagnetic 
:field 

Capac1 ta."lce 

Al 

Electric 
Current Electric 

Resistance 
Electric 
Flux 

lnductance 

I 
Displacement 
Current 

Electr1c ---1 
Force ~--------~ 

Fig. I V- 4. Concept Maps, Student 11 8, Group Cl. 

UFRGS 
' ' i uto de Ft.._ 

Biblioteca 

A2 

Force 

A3 
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Elec'tric Charge 
------~l e ct~ i c Cur~ent 

I ( 
.------:Elec'tromotive :Force - · 

I 
Electric R e ~i sta~ce 

I 

~ 

MaFmetic Porce 

Electric Char~e 

ELECTR OMAGNETI C FI:ELD 

Concept Maps, Student # 8, Group E2 . 

Di s':' lace:nent 
'::uri:- e!'lt 

Al 

A2 

A3 
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~~~~E_:_T_F_.I_c ___ v_~_ü~-~-~-~_;;_~~__J~---------1 MAGNEriC 

I .,.....---....., 
( ~ECTRIC 

)? 
:=:1 e c~ .:c 
? ct.~::t .;.. êÜ 

::1 e c t.:- !.c 
Ener~y EJ.ect:-ic 

_\_~ 
I".AGNEIIC) 
FIELD 
~< 

~ I 
/ !'l ;:! g!'le~ic \ 

' i.• e--y Magnetic ·· -b 

:F'o:::-ce 
l~ ag:1e:ic 
Po"te:l"tial 

---------------------------

Elec'trOili rtf t~ e ti: 

JElect::-ic E~ec~.:- :=.. c 
?lux I Resistance 

Jis'!Jlac eoent 
Curren-.: 

:EJ.ec"t:-i:: 
Cu:-rent 

I ,J~~'e' 
\ Elec-::::-ic 

:\esistance 

~c 
:Flux 

lnductance 

F1 g . IV-6. Coneef>l Ma ps. Student 11 

Dis'Dlace~ent 
cu:rent. 

25, Group E2. 

Pie:!.d ) 

Al 

A2 

A3 
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CAFACI
TANCE 

ELE:!TRIC POW~ 

I :::LECTR O!UG N ET I c I 
fiElD 

Al 

A2 

A3 

Fig. IV-7. Concept Maps, Student # 3, Group C2 . 

-----------



MAGNETIC 
P!ELD 

- 103 -

I 
ELECTROMAGNETIC 
FORCE 

E!,ECTROMOTIVE FORCE 

MAGNETIC 
ENERGY 

ELEC'IRIC 
ELECTR~C CURRENT 
FORCE I 

ELEC~RIC DISPLACEMENT 
RESISTANCE CURRENT 

ELECTRIC 
POTENTIAL 

ELEC'!'RI C ENE.'!.G Y 
ELECT!UC 
POTENTIAL 

I MAGNETIC FLUX 
I 

I 
MAGNETIC 
ENERGY 

P.:LEC:rRIC 
ENERGY 

DISPLACEI~T 
CURRENT 

ELECTRIC 
~------------POWER ~--------------------~ ELECIRIC CUaRENT 

MAG!iETIC 
FORCE 

Fig. IV-8. 

ELECTRo-
ELECTRo- MAGNETIC MOTIVE FORCE 

MAGN~IC ;t~~~TIC ENERGY I 
nux\~------------------------~ 

Concept Maps, Student # 10, Group c2. 

Al 

A2 

A3 
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This trend is confirmed in tests A3 (end of course): in this case 

most students drew a map showing a clear vertical hierarchy where the most 

general and inclusive concepts are at the apex and the intermediate and the 

least inclusive concepts occupy the corresponding hierarchical positions. 

However , the fact that this effect was highly accentuated in the experi

mental groups might be not surprising because concept maps were frequently 

used in the i nstructional materiais and, in most cases, the same type of 

vertical hi erarchy was used (e.g., concept maps used in "Notes II", Appendix 

V). But we must realize that the concept maps with vertical hierarchy 

used in the "Notes" were usually concerned with one key concept , e.g., a 

"map for forces," a "map for fields," a "map for potential," and so on, 

wherea s the map that students should draw included severa! key concepts. 

As a matter of fact, the list of concepts given to the students included 

almost all relevant concepts of electromagnetism and they were drawing 

nothing else than a general concept map of electromagnetism. But, as 

general maps, their maps were very different from the general map of elec

tromagnetism used in "Notes III' and "Notes XVII" (Appendix VII) which did 

not have a vertical hierarchy and included equations and laws as well. 

Let's accept, however , the argument that the differences in the 

f inal maps are due to the fact that concept maps were used in the written 

materiais of the experimental groups (in the lecture groups the teacher did 

not discuss the maps in the lectures, i.e., they were userl only in the 

wri tten materiais) and not used in the corresponding materiais of the con

trol groups. Isn't this an evidence that the instructional materiais were 

effective? 
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Well, we think that this question des erves some discussion, and we 

will open a parenthesis to provide an additional theoretical framework 

that might help us to answer such a question: 

We see the act of teaching as a deliberate intervention by someone 

(the teacher) in the life of someone else (the learner) with the purpose 

of providing a learning opportunity. That is, the teacher deliberately 

intervenes in the student's life because he wants him to learn something, 

but he can only organize his teaching in such a way that the probability 
t-j., <-,;> v"'-'L 

of occurrence of learning is maximized. There is not a necessary causal 

relationship between teaching and learning. Learning is an idiosyncratic 

act, a responsibility of the learner, or, as Gowin (1977) says , "learning 

is a responsibility that cannot be shared." Thus, in a formal course, for 

exé1mple, the teacher must concentrate his effort in finding the means of 

organizing and transmitting the subject matter that will maximize the pro-

bability of learning occurrence. 

In such a case, we think that the most basic point of concern is t o 

cuns ide r how students learn. Once this aspect has been taken into account 

one can concentrate on instructional strategies . To focus on instructional 

methods without a theoretical perspective on how students learn is, at 

best, a process of trial and error. 

In addition, we think that a research project that supposedly has 

to do with learning cannot lack a theoretical basis in terms of a learning 

theory. But since a research project dealing with learning almost inevitably 

i nvolves teaching too, wouldn't it make sense to have also a theoretical 

framework concerned with teaching? 

• 



- 106 -

The present study was conducted under t he theoreticai framework of 

Ausubei's Iearning theory, but in terms of t eachi ng we hav e only described 
• 

the two teaching methods which are not exactly what one could cali a 

teaching theoretical framework. However, a useful frantework that we will 

us e f or further interpretation of our findings, is provided by Gowin's 

theory of education (1977): 

(a~ In his theory he sees teaching as a t riadic , episodic exchange of 

meanings between teacher and student. 
~ I ~ 

That i~, the teacher seiects XYZ 

I~ 
materiais from the subject matter and presents them to the student in a 

form coherent with the meanings that these materiais have to him (the 

teacher). The student, in turn, presents to the teacher the meanings that 

he acquired from the materials. If there is no agreement on meanings, the 

teacher presents the materiais again to the student, perhaps in a different 

way, i.e . , taking into account the student's meanings, who once more gives 

his meanings to the teacher. Successful teaching occurs when there is 

agreement on meanings, that is, when the achievement of shared meanings has 

occur r e d between teacher and student. Each exchange of meaní ngs between 

teacher and . tudent brings them cioser to the achievement of shar ed meaning~. ) 

(We I ike to estabiish an anaiogy between this model and an exchange force , 

i .e., the exchange of meanings is like an exchange force that appr oximates 

s tudent and t eacher until the achievement of shared meanings . ) This ex-

change of meanings, as schematized by Gowin, is in Figur e IV- 9 . 

The achievement of shared meanings, however, 'does not mean t hat ~~ 

learning occurred. It might be seen as a necessary but not suffi c i ent con-

dition. In the same way that to grasp the meaning of a game does no t 

I 
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INSTRUCTION 

X X 
y y 

ZT zs 

EVALUATIVE FEEDBACK LOOP 

Teacher's meanings of materiais XYZ 

Student's meanings of materiais XYZ 

Teacher's and student's shared 
meanings of materiais XYZ 

STUDENT 

Fig. IV-9. The Triadic Relationship Involved in the Act of Teaching. 

necessarily implies in learning how to play the game, to grasp the meaning of 

a concept does not mean to learn the concept . Learning is an idiosyncratic 

activity which depends on practice, willingness to learn, and relatability 

to cognitive structure (to use Ausubel's language). 

This theoretical perspective concerned wí th teaching is coherent with 

Ausubel's theory which is concerned with learning because the achievement of 

shared meanings is more likely to occur if the XYZ materiais selected by the 

teacher are potentially meaningful to the student . 

Closing the parenthesis and coming back to the concept map tests, we 

could say that in the process of giving the instructional materiais to the 

students, with our meanings, and receiving their meanings through the unit-

tests, quizzes, and association tests, an exchange of meanings has occurred 
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during the cours e. But the achievemen t of shared meani ngs has occurred to 

a grea t er extent in the experimental groups, and , in s uch a sense, the 

instructional materials used in these groups were m.ore effective . For 

example, the hierarchical disposition of concepts f ound in most of the 

maps drawn by students in the experimental groups, at t he end of the course 

is highly suppor tive of Ausubel's t heory. But one could arg e that we us ed 

the same disposition in most of our maps in the 11Notes . 11 Tha t 's true , but 

we were presenting to the students our meaning s in such a d j_s position only 

in "submaps" of electromagnetism because our general map a s different. 

The students, on the other hand, in the case of the maps , were presenting 

their meanings in a ~eneral map which at the end of the cours e ended up as 

more coherent with Ausubel's theory thnn ours , and if we were t o draw a 

general map including only the conc epts given to the students i t would be 

very similar to most of their final maps . That is , the a chievement of 

shared meanings occurred in this case . 

However, when we first mentioned concept maps, in Sec t i on III-4.3, 

we said t hat different map makers could draw different maps , equally meaning-

ful, for the same set of concepts . The point is, can we say t ha t the maps 
• 

drawn by students in t he experimental groups are better j ust because we 

agree with the conceptual hierarchy they display? Isn'~ this just a matter 

of preference? Isn't it possible that thes e students just learned our 

te·chnique o f map making? 

To answer these questions let' s consi i er not the s hape of t he map , 

but the degree of concept differentia tion according to the rules to be 

followed when drawing them: 
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In the experimental groups , c once ts like "electromagnetic field" , 

electromagnetic force", "magnetic fie l d", "m gnetic force", "electric 

force", and "electric field" were usually identified as the most general 

(inside rectangles), whereas concepts l i ke "inductance", "capacitance", 

"electric power", and "displacement current" wer e identified as least in-

clusive (just written) and the remaining ones as intermediate (ellipses). 

In the control groups, there was not such a rather uniform trend . For 

example, in Figure IV-3 "capacitance" and "inductance" in map A3 were con

sidered as general as "electromagnetic force" and "electromagnetic field". 

In Figure IV-8, map A3, "electric current" was considered the most general 

concept and occupies a central position in the map . 

We think that the maps speak for themselves and i ndicate a greater 

degree of concept differentiation in the experimental groups, but, in order 

to provide a quantitative measure concerning these maps, we established 

some criteria and scored each map. However, the following analysis must 

be seen jus t as an attempt to quantify qualitative results . The maps are 

qualitative measures and, as such, must be primarily analyzed qualitatively 

as He have tried to do so far. 

The following criteria were used to analyze the maps quantitatively: 

I . Identification of concepts like electromagnetic force and field, 

magnetic force and field, and electric force and field as more 

general concepts, according to the given rules. 



• 

- 110 -

li. I dent ification of concepts like e l ectric c4rrent , electr i c 

and magnetic flux, electric charge , electric porential, electric 

and magnetic energy, and electromotive force (fem), as second level 

(intermediate) of generality concepts. 

III. Identification of concepts like inductance, capacitance, 

resistance, electric power, and displacement current as least 

general (3rd level) concepts. 

IV . Overall quality of the map taking into account factors 

like (a) distinction between 1eve1s of genera1ity; 

(b) meaningfu1 links between concepts; and 

(c) neat and meaningful disposition of concepts in a diagram. 

For each of these criteria, all maps were scored on a zero to 3 scale 

where '1' would stand for "poor", '2' for "regular" and '3' for "excellent" . 

The results are in Tables IV-30, IV-31, IV-32 and IV-33 . 

Group 

E1 

Cl 

E2 

C2 

TABLE IV-30 

CONCEPT MAPPING TEST 
Criterion I: Identification of More General Concepts 

A 1 A2 

N M t N M t N 

37 1.11 35 2.11 35 
* ** 35 1.23 -1.23 34 1.53 4.41 33 

36 1.17 30 1. 77 32 
* ** 26 1.12 .54 26 1.23 3.95 23 

* ** p > .05; p < .OS, two-tailed • 

A 3 

M t 

2.46 
** 1.48 7.15 

2.16 
** 1.43 4.62 
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C2 

Group 

El 

Cl 

E2 

C2 
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TABLE I V-31 

CONCEPT MAPPING TEST 
Cr iterion II: Identificati on of Concepts of I n t ermedi a te 

Leve l of Generality 

A 1 A 2 

N M t N M 

37 1.03 35 l. 60 

* 35 1.06 -. 63 34 1.18 

36 1. 00 30 1.40 

* 26 1. 04 -1. 02 26 1.08 

* ** p > . OS; p < . 05, t wo- t ailed . 

TABLE IV- 32 

CONCEPT MAPPING TEST 

t N 

35 

** 3.67 33 

32 

** 2.78 23 

Criterion I II: Identification of Least Gener al Concepts 

A 1 A 2 

N M t N M t N 

37 1.11 35 1.83 35 

* ** 35 1. 20 -. 95 34 1. 44 2. 53 33 

36 1. 08 30 1. 57 32 

* * 26 1. 12 -. 51 26 1. 31 1.42 23 

* ** p >.OS; p < . 05, two - t a iled . 

A 3 

M t 

l. 89 

** 1. 30 lf . l8 

1.53 

* 1. 26 1.68 

A 3 

M t 

l. 97 

** 1. 52 2.81 

1. 56 

* 1. 43 .71 
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TABLE IV-33 

CONCEPT MAPPING TEST 
Criterion IV: Overall Quality of the Map 

A 1 A 2 A 3 

Group N M t N M t N M t 
-

El 37 1.54 35 2.09 35 2 .43 

* ** ** Cl 35 1 . 51 .25 34 1.71 3.25 33 1.61 5.76 

E2 36 1.36 30 1.90 32 2.19 

* ** ** C2 26 1.38 -.16 26 1.46 3.09 23 1.57 4.04 

* ** p > .05; p < .05, two-tai1ed. 

Considering that the results presented in Tables IV-30 to -33 are con-

sistent with our previous qualitative ana1ysis, we think that the criteria 

we have used for the quantitative analysis have at least some validity, and 

these resu1ts can be used as additional evidence that there were significant 

differences in the maps. From these Tables we can see that, at the beginning 

of the course, the degree of concept differentiation was poor in all groups 

and no significant difference was found in any case. At opportunity A2 

(middle of course) all groups showed an improvement in comparison to Al, but 

this effect was more accentuated in the experimental groups and in all but 

one case the difference was statistically significant. At the end of the 

course (A3) a further improvement was observed in almost all cases, and again 

the effect was more accentuated in the experimental groups with all but two 

differences being statistically significant • 
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Distinguishing between PSI and lecture groups , we can see that in 

the PSI case the means of the experimental group, in tests A2 and A3 were 

always higher and the difference statistically significant. In the lecture 

case, the pattern was t~e same except that the difference was not signifi-

cant for criterion II in test A3, and for criterion III in tests A2 and A3. 

Thus, the results of the concept map tes t provide strong evidence 

that t he Ausubelian approach fostered concept differentiati n to a greacer 

extent than the traditional approach, and support the evidences found in 

the results of the word association and numerical association tes ts con-

cerning this aspect, as well as those .concerning significant associations 

and concept relatedness. 

The last section of this chapter is concerned with the r esul ts of 

t he laboratory test, which are the only remaining results to be reported . 

IV-5 The Laboratory Test 

As we mentioPed at the beginning of this chapter , in the l aboratory 

part of this study, we tried to answer a "telling question" somewhat dif -

ferent (but highly related) from the general "telling question" of the 

study. This que~tion could be formula ted as follows: 

In labora tory experiments about electromagnetic phenomena, 

what differences would arise from the use of laboratory-guides 

coherent with Ausubel 's theory, as compareci with línearly pro

grammed l aboratory-guides , in terms of students ability to: 

1. Identify the basic question(s) under study; 
2. Ide tify the key electromagnetic concepts involved in the 

experiment; 
3. Identify the basic electromagnetic phenomena involved in 

the experiment; 
4. Describe the method used to answer the basic question(s ) ; 
5 . Report the results. 
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To search for answers to this question a five- item tes t was designed 

based on Gowín's "fíve questions" and admini ster ed after each exper i ment 

in the PSI groups. This test as well as the lab-guides used in both groups 

are described in Section III-6. 

A zero to 5 five points scale was used to score the laboratory test 

corresponding to a maximurn of '1' point per item. The results corresponding 

to each item in each test, as well as the totais , are reported in Tables 

IV-34 to IV-37. 

Except in question 2 of the first three experirnents, the differences 

between the variances reported in Tables IV-34 to -37 were not statistically 

significant. However, in the case of the means a higher number of signifi-

cant differences occurred, mainly in the first two experiments. Table IV-38 

contains only the means to provide a general view of the results of the 

laboratory test. In this table, asterisks indicate significant differences 

at • 05 leve!. 

Frorn Table IV-38 we can see that, in general, the experimental group 

had better means, but the significant differences disappeared (with a single 

exception) in the la:3t two experiments. In addition we can see that the 

difference favoring the experimental group was particularly accentuated in 

question 2, i.e., in the identification of the key concepts involved in 

the experirnent. This finding provides further support for the evidences 

gathered from the association tests favoring the Ausubelian appr oach. 

In the identification of the basic questions, the experimental group 

did better in the first two experiments, but, following the overall trend, 
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TABLE IV-34 

LABORATORY TEST 
Fir-st Experiment: Simulated Electrostatic Field 

-: ro np N M SD F t 

1st Question: Basic Question(s) 

El 35 .77 .25 

* te~ 
Cl 36 .56 .33 1.83 3.02 

2
nd 

Question: Key Concepts 

E1 35 . 96 .19 

** ** Cl 36 .68 . 43 6 . 33 3.57 

3
rd Question: Basic Phenomena 

E1 35 .26 . 37 

* * Cl 36 .21 .37 1.00 .57 

4t h Question : Method 

El 35 . 54 . 22 

* * Cl 36 . 50 • 21 1. 25 .78 

5th Question: Results 
... , 

El 35 .51 . 28 

* * Cl 36 .47 .36 1.63 .52 

TOTAL 

El 35 3. 04 . 80 

* ** Cl 36 2.42 .89 1. 23 3.08 

* ** p >.OS; p < .05, two-tai1ed. 
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TABLE IV-35 

LABORATORY TEST 
Second Experiment: Linear and Non1inear Resistors 

. ' 

r,. Group N M SD F t 

1st Question: Basic Question(s) 

El 36 .90 .23 

* ** Cl 34 .68 .32 2.00 3.32 

2nd Question: Key Concepts 

El 36 .94 .16 

** Cl 34 .79 .35 4.00** 2.28 

3rd Question: Basic Phenomena 

El 36 .56 . 26 

* ** Cl 34 .25 .28 1.14 4.80 

4th Question: Method 

El 36 .56 .26 

* * Cl 34 . 47 . 21 1.40 . 1.59 

5th Question: Results 

El 36 .64 .28 

~ · * ** Cl 34 .47 .30 1.13 2.45 

I TOTAL 

El 36 3.60 • 71 

* ** Cl 34 2.66 .74 1.08 5.42 

* ** p > .OS; P< .OS, two-tailed. 
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TABLE IV-36 

LABORATORY TEST 
Third Experiment: RC Circuit 

• 

~~ Group N M SD F t 

1st Question: Basic Question(s) 

El 31 . 73 . 34 

Cl * * 35 . 73 . 33 1.09 . 00 

2nd Question: Key Concepts 

El 31 .92 . 26 

** * Cl 35 .80 .39 2 .14 1.49 

3
rd Question: Basic Phenornena 

El 31 . 32 .28 

* * Cl 35 . 41 .39 1.88 -1.06 

• 
4th Question: Method 

' 
El 31 .45 .20 

* * Cl 35 .46 .19 1. 33 - .21 

5th Question ;· Results 

El 31 .71 . 38 

~ ~· * * Cl 35 . 60 .38 1.00 1.17 

~ TOTAL 

El 31 3.13 .92 

C1 35 3.00 . 89 1. 08 * .58 * 

* ** p ~ . 05 ; p < . 05 , t wo-tailed. 
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TABLE IV-37 

LABORATORY TEST 
Fourth Experiment: Electromagnetic Induc t i on 

~ 

~ +,. __ Group N M SD F t 

1st Question: Basic Question(s) 

El 38 .64 .23 

* * Cl 34 .63 . 26 1.40 .17 

2nd Question: Key Concepts 

El 38 .79 .36 

* * Cl 34 .72 . 37 1.08 .81 

3rd Question: Basic Phenomena 

El 38 .75 .40 

* * Cl 34 .56 .44 1.19 1.92 

• 
4th Question: Method 

I El 38 .58 .25 

* * Cl 34 .53 .24 1.00 .86 

5th Question: Results 

El 38 .63 . 22 

~~ * * Cl 34 .57 .24 1.20 1.11 

TOTAL 

El 38 3.39 .89 

* * Cl 34 3.01 .83 1.16 1.87 

* + p,. . 05, two-tailed . 

• 



- : 1 9 -

TABLE IV-38 

MEAN SCORES IN THE LABORATORY TEST 
~ 

-fl 

3rd Exp. th 
--í--- Question Group 18 t Exp. znd Exp. 4 Exp. 

** ** 1 E1 .77 .90 .73 .64 

C1 .56 .68 .73 . 63 

** ** 2 E1 .96 .94 .9 2 .79 

C1 .68 .79 . 80 .72 

3 E1 .26 .56** .32 .75 

Cl .21 .25 .41 .56 

4 E1 .54 .56 .45 .58 

C1 .50 .47 .46 . 53 

** 5 E1 .51 .64 .71 .63 

C1 .47 . 47 .60 .57 

I 
• 

'** ** TOTAL E1 3.04 3.60 3.13 3.39 

C1 2 .42 2.66 3.00 3.01 

** p < .os , two-tai1ed. 

~ 

• 
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ther e wa s no dif f erenc e in the remaining t wo exper i ments . This i n i tial 

difference is probably due to the emphasis given , i n t he experimental 

lab-guides, on the importance of identifying the basic question of an 

investigation. (The lack of difference in the final experiments remains 

to be explained.) 

However, particularly surpr ising to us were the rather poor mean 

s cor es of both groups in questions 3, 4 , and 5, namely, the identification 

of basic phenomena, the me thod and the results. It is true that in the 

first case both groups, specially the experimental one, showed an improve

ment in the last experú1ent, but the mean scores of the first three ex

periments were quite low. On the other hand, in the description of the 

method the scores were sy~tematically around 50% of the maximum. Students 

in both groups rarely described the method as a systematic procedure, as 

a sequence of steps, or, in other words, they rarely described what they 

had done experimentally, what techniques they used, etc. Most students 

simply gave answers like "experimental method" or "scientific method". 

The report of the results was also poorly clone. It seems that most 

students see the results of an experiment just like the results of a simple 

exerc ise and not as pieces of knowledge with theoretical implications. (By 

the way , if the lab-units were evaluated on the basis of this test, most 

students would have been required to repeat those units. But, instead of 

a wr l tten test, the same evaluation procedure of previous semesters was 

used : an oral discussion of the results, usually focusing on the inter

pretation of the gr&phs draw~ by the students.) 

---- ---- --------------------------------------------------------------------------------~---
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The fact that the initia11y significant differences in favor of 

the experimental group disappeared in the 1ast two experiment s might be 

due to the combined effect of severa! factors, such as: 

1. In contrast to the association tests, s tudents were 

not to1d that the 1aboratory test would be used only for re

search purposes. Consequently, at the beginning they thought 

that the tests were an integrant part of unit evaluation, but, 

later on, they realized that the tests were not being used for 

such a purpose. Consequently, the last tests were answered with

out the same motivation. 

2. The third experiment ended up as not very appropriate 

to the course because circuits were no t emphasized in both 

groups and the RC circuit is a quite particular type of circuit. 

3. The last experiment was one of the last units and most 

students performed it at the end of the semester when the ex

terna! pressure from other courses is at a maximum. 

Summing up, in spite of possible design weaknesses , the "1aboratory 

experiment," on one hand, provided additional evidence supporting the 

Ausubelian approach :i..n terms of identification of key concepts . However, 

on the other hand, it apparently indicated that many students, in both 

groups, perfo r m an experiment without knowing what basic phenomena under1ie 

the experiment, and don't see experimentation as a process of making know

ledge. In addition, it also provided evidence that most students use the 

terms "scientific method" and "experimental method" rather loose1y equating 

them with the roere use of lab equipment. 

-----------------------------------------------------------



Chapter V 

SUMMARY, DISCUSSION, AND 

POSSIBLE IMPLICATIONS 

Following previous experience and research with different teaching 

methods which indicated the need of a theoretical framework in order to 

achieve more meaningful results, an experiment based on Ausubel's theory 

of learning was conducted in an introductory ' college physics course. 

V-1 The Experiment 

A one semester introductory course in electromagnetism was taught to 

fàur groups of students of science ard engineering. Two pairs of experimental

control groups were formed, one taught under a self-paced format (PSI) and the 

other under the traditional lecture approach. The content of the course was 

the same , but for the experimental groups, it was organized according to an 

Ausubelian framework, whereas the control groups followed the same traditional 

organization used in previous semesters which is that found in most textbooks 

on the subject. 

The purpose of t he experiment was to look for differences that could 

arise from the use of these different approaches in terms of student's ability 

to apply, to associate, to differentiate and to hierarchically organize con

cepts of electromagnetism . To achieve such a purpose, besides tradi tional 

achievement tests, association tests were administered at the beginning ; at 
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the middle and at the end of the course . In addition, a laboratory test 

was administered after each laboratory experiment. 

V-2 The Evidence 

The statistical analysis of the results followed a rather simple pattern 

trying to make sense out of the large amount of data provided by the various 

tests used in the experiment . More sophisticated statistical procedures were 

judged unnecessary for the purpose of the exper ment and left to future 

follow-up studies. The evidence gathered from the various tests can be 

summarized as follows: 

1. Achievement measures: in terms of traditional achievement 

measures, no significant differences ~Y'ere found . Thus, to the extent that 

traditional achievement tests like unit-tests, quizzes and final exams are 

., measuring concept learning, ability in problem solving, etc., the evidence 

was that both approaches were equally effect i e. 

2. Word association test: the average number of words associated 

per concept increased in all groups, but particularly in the case of "signi-

' 
ficant associations" there was a slight evidence that this effect was more 

' 

~ accentuated in the experimental groups. In terms of "overlapping of 

a s sociated words," the averages also increased for all groups, but there was 

evidence which could be interpreted as indicating that the degree of concept 

differentiation was greater and more uniform in the experimental groups . 
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3 . Numerical association test: in this case , the numera l averages 

decreased in all groups indicating a closer association between concepts. 

However, in the case of the self- paced groups such a decrease was signifi

cantly more accentuated in the experimental group . That is , the evidence 

was that, at the end of the course, the experimental group saw a greater 

degree of associat ion between r elated concepts . 

4. Graphical association test ("concept mapping" test) : the results 

of this test provided strong support for the previous evidence, concerning 

concept association and differentiation. The maps drawn by students in the 

experimental groups were qualitatively different from those of the control 

group students, and indicated better concept differentiation, more meaningful 

association anda hierarchical disposition coherent with Ausubel's theory. 

In addition, a tentative quantitative analysis of these maps, in terms of 

differentiation between more general, intermediate and least general concepts, 

favored the experimental groups significantly in almost all cases , specially 

in the self- paced groups . 

5. Laboratory test : there was evidence that students in the 

experimental group were more able to identify the key concepts i nvolved in 

the experimenta, but, on the other hand , there was evidence that students, 

in both groups, were not able to identify the basic phenomena underlying the 

experimenta, to describe the method used, and to report the results as 

pieces of knowledge obtained through experimentation. 
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V-3 The Knowledge Claims 

Based not on any particular evidence, but rather on the whole set of 

consistent evidence gathered throughout the study, the answers we found for 

our basic "telling question" were: 

There were no dif ferential effects, due to the 

traditional or the Ausubelian approaches, on students' 

performance when measured by traditional achievement 

evaluation instruments . 

There was a differential effect due to the Ausubelian 

approach in terms of concept associa tion, concept differentia

tion and hierarchical or ganization of concepts. Students under 

the Ausubelian approach showed a higher degree of differentiation 

and relatedness among electromagnetic concepts. In addition, 

their conceptual hierarchies of electromagnetism, a s inferred 

from their concept maps, were more meaningful both under the 

point of view of Ausubel's theory and from the standpoint of 

physics as well . 

However, there were indications that this effect was more 

accentuated in the self-paced experimental group than in the 

lecture one . 

As far as the "laboratory telling question" is concerned, the answers , 

although supported only by the results of a very simple test, were: 

In gener al, students in the experimental groups were 

more able to identify the key electromagnetic concepts 

involved in the laboratory experimenta. 

In the first two experimenta, students in the 

experimental groups were more able to identify the 

basic question under investi gation , but there was no 

significant difference in the last two experimenta • 

UFRGS 
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In general, there were no significant differences 

in terms of identification of basic phenomena involved 

in the experimenta, method description, and results 

report. In addition, except in the last experiment, 

both groups performed rather poorly in these aspects. 

An Interpretation in the Light of Ausubel's Theory 

A higher degree of concept dif ferentiation, on one hand, and a higher 

degree of concept relatedness, on the other hand, are i dications that both 

progressive differentiation and integrative reconciliation were achieved to 

a greater extent in the experimental groups. In addition, the conceptual 

hierarchies displayed in the concept maps drawn by students in the experi-

mental groups were more coherent with Ausubel's assumption that "an 

individual's organization of the content of a particular subject-matter 

discipline in his own mind consists of a hierarchical structure, in which 

the most inclusive ideas occupy a position at the ap.ex of the structure, 

and subsume progressively less incl sive and more highly differentiated pro

positions, concepts, and factual data," (1968) than those of the control 

group students. 

Considering that these results can be interpreted by and are supportive 

of Ausubel's theory, we are inclined to accept them as evidence that meaningful 

learning occurred to a greater extent in the experimental groups. But, the 

lack of significant differences in terms of achievement at least do not support 

this assumption. However, under an Ausubelian point of view, the type of 

achievement tests used for course evaluation would not provide evidence of 

meaningful learning, and the lack of significant difference would be a plaus

ible expectation • 
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According to Ausubel (1968 , p. 111): 

In seeking evidence of meaningful learning, whether 
through verbal questioning or problem-solving tasks , the 
possibility of rote memorization should . always be borne in 
mind . Long experience in taking examinations makes students 
adept at memorizing not only key propositions and formulas, 
but also causes, examples , reasons , explanations, and ways 
of memorizing and solving "type problems . " The danger of 
rote s i mulation of meaningf ul comprehens ion may be best a
voided by asking ques tions and posing problems that are both 
novel and unfamiliar in form and require maximal transfor
mation of existing knowledge. 

Thus , given that the achievement tests used for course evaluation 

usually did not ask the ' type of questions and problems proposed by Ausubel 

in seeking evidence of meaningful learning, such an evidence could hardly 

be expected from these tests. 

In spite of the fact that no attempt was made to compare the self-

paced and lectur e appr oaches, since the corresponding pairs of samples were 

regarded as different, it was observed that the effect of the Ausubelian 

approach was usually more accentuat ed for the self-paced exper imental group 

than in the lecture· experimental group in comparison with the corresponding 

control groups. This obser vation can also be tentatively interpreted under 

an Ausubelian framework · (1968, p. 262): 

On theoretical grounds it seems rather self-evident that 
individualized instruction should be incomparably more efficient 
than instruction in groups for most aspects of subject matter 
learning. When instruction is geared to the individual pupil's 
general level of s ophistication in a particular discipline, to 
his mastery of rel evant antecedent concepts and principles, to 
his particular preconceptions and misconceptions, to his general 
and specific intellectual aptitudes, to the level of abstraction 
at which he operates , to his idiosyncratic cognitive style and 
relevant personality attributes, to sali ent aspects of his progr~ss 
in mastering a current learning task (for· example, consolidation, 
precision and clarity of new meanings), and to a pace of presenta
tion that is comfortable for him, it necessarily follows that 
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learning outcomes should be superior to those that eventuate 
when instruction is geared to a hypothetical set of character
istics and requirements reflective of the mean pupil in a 
group. 

Among the factors, pointed by Ausubel, favoring individualized over 

group instruction, the emphasis on mastery of antecedent content and a pace 

of presentation comfortable to the student were certainly present in the 

individualized groups and not in the lecture ones, Thus , under an Ausubelian 

point of view these factors would contribute for superior learning outcomes 

in the individualized groups and could also provide an explana t ion for the 

fact that the Ausubelian approach might have been more effective in this 

case. 

V-5 An Interpretation in the Light of 
Gowin's Model of Teaching 

Gowin sees teaching as a triadic, episodic exchange of meanings of 

pieces of knowledge between teacher and student, and the occurrence of 

successful teaching as the achievement of shared meanings between them . 

Thus, the coherence between the final conceptual grasp of the students 

and teacher's expectation in the experimental groups might be interpreted in 

terms of a greater extent of achievement of shared meanings in these groups. 

That is, taking into account the fact that the traditional approach was 

considered a good one and that the same conceptual understanding would be 

expected at the end of the course, the exchange of meanings toward the 

achievement of shared meanings was more effective in the Ausubelian approach. 

This interpretation is coherent with the previous one because the Ausubelian 

approach intentionally tried to present the subject matter in a way that 

would be potentially meaningful to the student • 
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Similarly, the fact that the Ausubelian approach mi ght have been more 

e f f ective in t he case of indivi dual ized ins truction can be interpr eted as 

a r esult of a much more intense exchange of meanings in this case due to 

the greater amount of tests taken by s tudents and specially to the large 

personal int eraction between students and teacher (an pr octors) . 

V-6 Possible Implications for Physics Instruction and 
Research in Physics Education 

It is a well known fact that, both at secondary and university levels, 

physics is considere a difficult subject and is usually avoided by the 

students, when not required . At the secondary level most students prefer 

biology or chemistry and lenve physi s for those who are goi.ng to be future 

physicist~ ··r engineers . At the college level, introduc t ory physics courses 

designed to p · mride a physics background for students of technical and 
I 

scientific (ot · er than physics) careers are usually a teaching problem 

avoided by manv physics professors. In Br azil , for example, even students 

of mathematics and some branches of ~ngineering have an aversion to physics . 

On the other hand , physics is a di sci pline with an undeniable scientific 

tradition, a wel · defined conceptual st. r uctur e, a solid theoretical basis and 

other attributes that probably could b.e used to make it potentially meaningful 

to most students. 

Perhaps physics is indeed difficult to learn, but it may be also the 

case that something is wrong with the t eaching of physics . Fortunately , 

however, many physicists and physics t eachers are deeply concerned with this 

problem and have already started to search for solutions and to do research 

in physics education . But, paradox i cally, strong efforts were made at t empting 
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to fínd new methods, to make physics attractive or to make physics simple , 

and almost no attempt has been made to teach phys ics ac _ording to a learning 

model or a learning theory. It seems that physics educators are willing 

to do research in physics education in arder to improve the learning and 

teaching of physics , but they are reluctant to use learning theor i es as 

research guides as they do with physical theories in their r esearch labora-

tories. Perhaps they do that because, comparing t he outcomes of research 

i n physics with the outcomes of the educational research, the latter seem 

to be trivial, confusing ar contradictory . However, perhaps what they do 

not realize is that the lack of a theoretical basis is probably what is 

wrong with the r esearch in education and that by doing research in physics 

education without a theoretical framework they are doing the same type of 

educational research which they usually ignore. 

The situation, however, seems to be changing. For exampl e, physics 

educators had recently "discovered" Piaget and are concerned with the 

possibility that mistakes are being made in physics instruction if physics 

is being taught at levels inconsistent with Piaget's developmental stages. 

But, without denying the importance of Piaget's theory for physics instruc-

tion, we would like to emphasize that it is not the only theory potentially 

+ relevant for such a purpose. We believe that Ausubel's theory, for example, 

which served as the theoretical basis of this study, is also potentially 

relevant for physics instruction and for r esearch in physics education. 

We have argued that the results of this study can be inter preted in 

terms of Ausubel's theory and are supportive of this theory. However, this 

study should not be seen as an attempt to check the validity of Ausubel's 

theory when applied to the teaching and learning of physics. Our study is 

I 
-- -- ----------------------------------------~------------------------
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jus t a first attempt to us e this theory a s a theor etical framewor k fo r 

research in physics education. As such, i t has l i mitations and may have 

low external validity. Thus, i ns t ead of c1aiming that our findings do 

have imp1ications for phys i cs instruc tion and for research in physics educa-

tion, a much more defens i b1e posi t i on wou1d be to say that we have shown 

that it i s possib1e to organize the teaching of phys i cs in accordance wi th 

Ausube1's 1earning theory, keeping at 1east the same 1eve1 of achievement 

in comparison t o tradi t i ona1 appr oaches, with the addition of possib1e 

advantages in terms of concept 1earni ng. 

Thus, we recogn ize that the empirica1 evidence that we gathered in 

this study, although supportive of Ausube1's theory, is not strong enough 

to infer definite imp1icat i ons f or the teaching of phys i cs and for research 

i n such a fie1d. For examp1e , this study did not eva1uate meaningfu+ 

1earning in an Ausube1ian sense which invo1ves 1ong-range retention and 

transferabi1ity of l earning s t udi es. 

In addi t i on , most studies on Ausubel's theory are concerned with the 

effect of advance organizer s , and we think that, f or phys i cs instruction, 

progressive differen t iation and integrative reconci1iation,
1 

for exarnp1e, 

are more re1evant aspec ts of this theory because they dea1 more directly 

with concept 1earning. The point is that, at 1east in physics instruction 

there is a shor t age of studie s bearing ,on Ausube1's theory. However, if 

bis theory is va1id mos t difficu1t i es found in the teaching of physics rnight 

1. These 1earning princ i p1es wi11 be more exp1icit1y described in 
the second edition of Ausube1's book to be pub1ished in 1978 (persona1 
cornrnunication) • 
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be due to the lack of emphasis on progressive differentiation, on integrative 

r econciliation, on r elatability to cognitive structure and so on. Thus, 

.· nstead of looking for .methods and trying to make physics attractive or 

simple, we should, primarily, make physics potentially meaningful to the 

s tudents in an Ausubelian sense. 

Certainly, more research is needed in this field, but we think that 

t he theory-based experiment is the missing link in physics education research, 

and Ausubel's theory can provide a theoret ical framework for such a research. 

For example, many other aspects of Ausubel's theory, such as the emphasis 

on relatability to cognitive structure, meaningful versus rote learning, 

assimilation and obliterative assimilation, forgetting, and retention might 

be objects of research projects in the field of physics education with 

potentially relevant results for physics instruction. 

V-7 The Non-traditional Tests 

In addition to its attention to Ausubel's theory, another aspect of 

this study that might also have implications fo r physics instruction and 

for research on physics education is the use of non-traditional tests to 

evaluate qualitative aspects of concept learning and labora tory experiments . 

Our fíndings seem to indicate, on one hand, that traditíonal achieve-

ment tests such as unit- tests , quizzes and final exams are not adequate to 

detect evidence of more qualitative differences among students in terms of 

concept learning, and, on the other hand, that non-traditionál tests such 

as concept associatíon tests might be appropriate for such a purpose. 
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Concept learning is certainly a rnain objective of physics instruction, 

but relevant qualitative aspects of this learning probably a re not being 

evaluated when convent i onal questions and type-problems are posed to the 

students. The concept association tests, on the other hand, as far as we 

can infer from this study, provide at least some evidence of qualitative 

differences in concept learning. Particularly the numerical concept associa

tion and the concept mapping tests ended up a s valuable instruments to detect 

qualitative differences in the learning outcomes. (As a matter of fact, the 

concept maps were also useful f or instructional purposes.) 

It is true that these instruments might not be the best ones and 

questions of reliability and validity might be raised. However, these tests 

are easily des i gned, are easily administered, and the students have no 

difficulties in understanding them. If a large number of concepts is used, 

the s tatistical analysis may be time consuming when a computer is not avail

able. This may be a problem in some cases, but we think that, in most cases, 

the use of non-traditional tests of this type, in addition to the traditional . 

ones, can result in instructional advantages without overloading instructors 

and students. The point is that, by using non-traditional evaluation instru

ments and paying attention also to qualitative aspects of students' learning, 

significant differences might be detected and provide the feedback needed 

to change or improve the instructional approaches. 

As far as the laboratory is concerned, our findings, although f ragile 

and preliminary, might indicate that laboratory evaluation should not only 

focus on the tables, graphs and numerical values obtained by the students in 

their experiments. These quantitative results will have little value, in our 
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op i nion, i f the students are not able to identify the basic questions under 

i nvestigation, t he key concepts and basic phenomena involved in the experi-

ments; i f they are not able to describe the methods they have used and if 

they do not see a laboratory experiment as a process of making knowledge . 

If th i s happens, then, the strong emphas i s pl aced on laboratory experiments 

in many physics courses is at best unjustified. 

V 8 A General Map of the Study 

As we did in most of the specia l "Notes" prepared f or the expet -mental 

groups, we will conclude the present description with a general map. However , 

t his ma p, which is shown in Figure V-1, is not exactly a concept map such 

as thos e used in the "Notes," but rather a "concept-event-fact map" designed 

to schema tize the pattern of inquiry followed in this study. The following 

quote (Gowin, 1977) will help us to begin to "unpack" this map: 

The pattern of inquiry can be looked at as a meaning 
structure. The elements of this structure are events , facts , 
concepts . What inquiry makes by its actions are the specific 
connections between a given event, the records made of that 
event, the factual judgments derived from studying the records, 
the concepts that focus the regularities in the even t s and the 
concepts and conceptual systems that are used to interpret the 
factual judgments in order to arrive at an explanation of the 
event. To have created this meaning structure in a particular 
inquiry i s to have done a coherent piece of research. 

Gowin (1970) defines concept as "a sign which points to a conunonality 

in events and which permits the concept user to make relatively stable re-

s ponses to those varied events." For example, the concept of liquid points 

co common qualities of milk, oil, water, while ignoring the many differences 
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between them. In addition, he defines (1969) conceptua l system as " a se t 

of logically related concepts, us unlly permitting a pattern of reason ing 

in relating one concept to another." Facts may be given three distinct 

but rela ted meanings (Gowin, 1969 and 1970): fact in the first sense means 

a n event which just natura lly occurs or is made to occur by the researcher ; 

f act in the second sense refers to the record of the event (an event cannot 

be studied if no record is left); facts in the third sense consist of state-

ment~ , typically in verbal or mathematical forro, which are based on records 

of events occurring in the phenomena of interest. 

Thus, the process of inquiry has to do with the connection between 

events, facts and concepts. It is in that sense that the map of Figure V-1 

is a " concept-event-fact map." The left side of this map is concerned with 

concepts and conceptual systems: there we find the telling question of the 

study, i.e., the basic question about the phenomena of interest that was 

experimentally investigated; we also find the key concepts embedded in the 

telling question and the method used in the search for answers to such a 

question. The method, in a broad sense, involves the conceptual framework 

of Ausubel' s theory and the conceptual systems implicit in teaching and 

evaluation. Thus, this side of the map deals, explicitly or not, with con-

cepts and , in a sense, it represents the whole conceptual framework that led 

to the events that we made happen in this study. 

The events are at t he basis of the map and also of the research as a 

whole: had events such as teaching and testing not happened, it would be 

i.mpossible to gather empirical evidence that would support the answers to 
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the telling question. Bu t had the events happene.J wlthou t 1eavjng r ecords 

they could not have been studied. So, records of events are an essential 

feature of inquiry. As a matter o f fact, "much time of actua l inquiries 

is spent in inventing techniques and devices for making a record which will 

serve as an index to the phenomena of interest," (Gowin, 1970). 

The right side of the map is concerned with facts in all three senses 

(events, records of events, and the statements): once records of events 

a re rnade they can be studied, organized, reduced, reconstructed, rearranged, 

e tc. This action of "processing the records" eventually leads to what is 

labeled as "results" which , in turn, lead to the knowledge claims which are 

answers to the telling question. (Sornetimes the records are so extensively 

"processed" and the results are so far from the events that the connection 

between factual staternents and events is lost.) The results and their inter-

pr etations, the conclusions, the knowledge claims and the value claims are 

• products of inquiry and, as such, they should be connected t o the conceptual 

f ramework, the telling question and the phenornena of interest of the re-

s earch. This is the meaning of the lines connecting the two sides (concepts 

and facts) of the map. (As a matter of fact, the overall connection has the 

s hape of a 'V ' linking events, at the base of the 'V', to concepts . and facts.) 
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V-9 Afterword 

We want to emphasize once more that thís study was a fi rst attempt 

to use Ausubel's theory as a theoretical framework to organize the teaching 

of physics and to investigate the effects of an Ausubelian approach in terms 

of concept learníng. Certainly, many cri ticisms can be made to the study 

and alternative explanations for our findings might be found. However, 

considering that the experimental approach and the corresponding instructional 

rnaterials were used for the first time (without any pr~testing) and compared 

with a well established and classícal approach, we believe that our fínding s 

at least justify more research in this area. Besides the intrinsíc value 

that this research has for ourselves, we hope that it will also have the 

i nstrumental value of encouraging other people interested in physics 

education to do theory-based studies in this field. 

UFRGS 
n!Jt uto de Fi -
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CONTENT OF EACH UNIT -

EXPERIMENTAL GROUP 

PHYSICS and CONCEPTS : A general view of physics and its 
evolutionary nature; method, concepts, theories, models; 
"truths" in physics; classical x modern physics; relevance 
of physics; the role of concepts, evolution of concepts, 
concept maps. 

UNIT II - FORCES and FIELDS : Force; the basic forces ·of Nature; 
electric and magnetic forces; a concept map for forces; 
field; vector and scalar fields; gravitational, electric, 
magnetic and nuclear fields; superposition principie; 
lines of force; potential and energy; the electromagnetic 
field; are fields real?; a concept map for fields. 

UNIT III - THE ELECTROMAGNETIC INTERACTION : An overview of electro
magnetism; basic events and an event map; basic field 
events and a field event map; Maxwell Equations: intro
duction and semi-qualitative analysis; a general concept 
map of electromagnetism. 

UNIT IV - MATHEMATICS REVIEW : Vectors: addition; scaiar. and 
vector products; Integrals: definite integrais; the 
fundamental theorem of calculus; the variable sub
stitution technique; multiple integrais; integrais ot 
vectors; line and surface integrais. 

UNIT V - STATIC ELECTRIC AND MAGNETIC FIELDS : Electric and magnetic 
forces and definition of fields vectors; torque on electric 
and magnetic dipoles; action of electric and magnetic fieids 
on moving charges; electric and magnetic fluxes;

1 
Gauss's 

Laws for electricity and magnetism; the gravitational analogy; 
a concept map for the electric and magnetic fields. 

UNIT VI - CALCULATION OF ELECTRIC FORCES AND FIELDS : Electric forces 
between point charges; eiectric fields due to: 1) discrete 
distributions of charge 2) continuous distributions of 
charge (linear and superficial); the use of Gauss's Law 
and the principie of superposition in the caiculation of 
electric fields. 
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UNIT VII - CALCULATION OF MAGNETIC FORCES AND FIELDS : Calculation of -magnetic forces using the defining equation of B and the 
principie of superposition; magnetic force on a wire carrying 
an electric current; calculation of magnetic fields due to 
arbitrary distributions of current using Biot-Savart's Law; 
calculation of magnetic fields due to symmetric distributions 
of current using Amp~re's Law . 

lmiT VIII- POTENTIAL : The gravitotional poten tial ; the electr ic potential 
and the electric field; potential due to point charges and to 
continuous distributions of charge; electric potential energy of 
a system of point charges; calculation of Ê from the potential 
V; the magnetic scalar potential; a concept map for potential. 

UNIT IX - STUDY OF AN ELECTROSTATIC FIELD (Laboratory) : Experimental 
determination of equipotential !ines and !ines of fo r ce of 
símulated electrostatic fields in a liquid layer. 

UNIT X - ELECTRIC AND MAGNETIC PROPERTIES OF MATTER : Dielectrics and 
conductors; Gauss's Law in dielectric media; conductivity a nd 
resistivity; electric current and resistance; Ohm's Law; 
magnetic dipole in an externa! field; paramagnetism; dia
magnetism; ferromagnetism; a concept map for electric and 
magnetic properties of matter. 

UNIT XI ELECTRIC CURRENT AND CIRCUITS : Single-loop circuits; electra
motive force and potential difference; loop-theorem; electric 
power; magnetic circuits; reluctance; magnetomotive force; a 
concept map for circuits. 

UNIT XII - LINEAR AND NONLINEAR RESISTORS (Laboratory) : Experimental stuuy 
of the linearity or nonlinearity of several different resistors; 
verification of Ohm's Law. 

UNIT XIII- RC CIRCUIT (Laboratory) : Experimental determination of the 
curves of charge and discharge of a capacitar in a single-loop 
RC circuit; determination of the time constant RC. 
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UNIT XIV - ELECTRIC AND MAGNETIC I NDUCED FIELDS : ElectromagnetJc 
induct íon: historical and qualitative aspe cts, applications; 
Faraday's Law; calculation of induced electromntLve forces 
and currents; induced electric fields; induced magnetic 
fields; Ampére-Maxwell Law; displacement current; a concept 
map for induced fields. 

UNIT XV - ELECTROMAGNETIC INDUCTION (Laboratory) : Experimental study 
of the electromagnetic induction us i ng magnets, coils, iron 
bars, and a galvanometer; intensity of induced current as a 
function of the distance between primary and secondary coils . 

UNIT XVI - ENERGY IN THE ELECTROMAGNETIC FIELD : A concept map for energy; 
kinetic energy, field energy, mass energy; review: potential 
energy of an electric dipole in an externai field; electrostatic 
potential energy of a system of point charge; electric energy 
density; potential energy of a magnetic dipole in an externai 
field; magnetic energy density; energy of an electromagnetic 
wave. 

UNIT XVII- MAXWELL EQUATIONS : Basic equations o f classical physics; stat ics 
versus dynamics in electromagnetism; review: basic electro
magnetic phenomena and their description through Maxwel l Equations; 
review: basic electromagnetic concepts; review: a concep t map 
for the electr omagnetism; Maxwell Equations in the differential 
form. 
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CONTEN1' OF EACH UNIT -

CONTROL GROUP 

UNIT I - ELECTRIC CHARGE AND ELECTRIC FORCE : Positive and negative charges; 
attraction a nd repulsion; conductors and insulators; Coulomb's 
Law; forces between point charges; quantization and conservatíon 
of the electríc charge. 

UNIT II MATHEMATICS REVIEW : Vectors: addition; scalar and vector pro
ducts; Integrals: definite integrals; the fundamental theorem 
of calculus; the variable substitution technique; multiple inte
grais; í n tegrals of vectors; line and surface íntegra ls. 

-UNIT III - THE ELECTRIC FIELD : Definition of the electric field vector E; 
!ines of force; calculation of electric fields due to discrete 
and continuous distributions of charge using Coulomb's Law and 
the superposition principie; acceleration of a point charge in 
an electric field; electric torque on an electric dipole; electric 
potential energy of a dipole in an electric field • 

UN IT IV - GAUSS 'S LAW : Electric flux; application of Gauss' Law to calculate 
electric fields due to distributions of charge with spherical, 
cylindrical, and plane symmetry • 

UN TT V - ELECTRIC POTENTIAL : Potential and the electric field; potential 
due to discrete and continuous distributions of charge; potential 
due to a dipole; electric potential energy of a system of point -charges; calculation of E from the potential V; (the scalar mag-
netic potential: complement, not required on tests). 

UNIT VI - STUDY OF AN ELECTROSTATIC FIELD (Laboratory) : Experimental 
determinat ion of equipotential !ines and !ines of force of simu
lated electrostatic fields in a liquid layer. 

UNIT VII CAPACITORS AND DIELECTRICS : Calculation of capacitances; dí
electrics: an atomic view; Gauss's Law in dielectric media; 
claculation of electric fields inside dielectrics; electric 
energy stored in a capacitar; electric energy density . 
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UNIT VIII- CURRENT-RESISTANCE-ELECTROMOTIVE FORCE : Conventional and 
electronic current; current density; calculatlon of electric 
resistanc;es; r esistivity and condutivity; Ohm' s Law; electric 
power; energy dissipated in a res istor; electromot ive force; 
potential dif f erences; single-loop circuits; loop-theorem; 
(magnetic circuits : complement, not required on tests). 

UNIT IX - LINEAR AND NONLINEAR RESISTORS (Laboratory) : Experimental study 
of the linearity or nonlinearity of severa! different resistors; 
verification of Ohm's Law. 

UNIT X - RC CIRCUIT (Labora tory) : Experimental determination of the curves 
of charge and dischar ge of a capacitar in a single-loop RC circuit; 
determination of the time constant RC. 

... -UNIT XI - THE MAGNETIC FIELD : Definition of the vector field B; !ines of B; 
magnetic flux; Lorentz force magnetic force on a current; torque 
on a magnetic dipole; magnetic potential energy of a magnetic 
dipole in a magnetic field ; circulating charges in magnetic fields. 

' UNIT XII - AMPERE'S LAW : Calculation of magnetic fields due to symmetrical 
distributions of current using Ampere's Law • 

UNIT XIII- BIOT-SAVART'S LAW : Calculation of magnetic fields due to 
arbitrary distributions of current using Biot-Savart's Law • 

UNIT XIV - FARADAY'S LAW : Calculati on of induced electromotive forces and 
currents using Faraday's Law; Lenz's Law; time-varying magnetic 
fields; induced electric fields. 

UNIT XV - ELECTROMAGNETIC INDUCTION (Laboratory) : Experimental study of 
the electromagnetic induction using magnets, coils, iron bars, 
and a galvanometer; intensity of induced current as a function 
of the distance between primary and secondary coils. 

UNIT XVI - INDUCTANCE : Self-induction; calculation of inductance; magnetic 
energy stored i n an inductor; magnetic energy density • 
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UNIT XVII- MAGNETIC PROPERTIES OF HATTER- MAXWELL EQUATIONS : Ga uss's Law 
f or magnetism; i nexh. t cn c e o f magn e tic monopoles; pnramagnetism; 
diamagn e tism; fer romagnet ism ·- Induced magn e t ic fi elds ; MaxHell 's 
generalization of Ampere's Law; displacement curren c ; Maxwell 
Equations (summary) . 
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EXAMPLE OF A STUDY-GUIDE FOR THE CONTROL GROUPS 

Institute of Physics - UFRGS 
Phys ics li - 1976 

UNIT VII 

CAPACI TORS AND DI ELECTRICS 

I INTRODUCTION 

In pr evious units you have studied the properties of the electric field 

generated by s tatic charges ( t he electr os tatic field), in vacuum, and learned 

to describe it mathematically i n t wo different but equivalent ways: the 

vector function intens ity of t he electric f i eld vcc tor Jr and the scalar 

funct i on electric potential V. Thus, a t this point you are ready to study 

a practical application of this knowledge which has a great importance for 

t he electric technology. 

In t he firs t part of t h i s unit, you will study capacitara (also called 

condenser s). They are indispensable components of almost all electric or 

electronic devices from the s i mplest pocket radio to the most sophisticated 

electronic computer. In the second part, completing the study of electro-

static, you will use capacitors to study the properties of the electric 

field inside insulating materiais like water, glass,. paper, and oil which 

are also called dielect rics . 

li - OBJECTIVES 

At the end of this unit you must be able to: 

la) Calculate t he capacitance of capacitors with plane, cyl i ndric 
or spherical shape i n the absence of dielectrics. 
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lb) Calculate the capacitance of parallel-plate capacitors 
with a dielect rir f illing t o t ally or partia lly the space between 
the plates. 

2) Calculate t he eouivalent c.apacitance of a parallel, 
series or mixed ab sociat 1o n . 

3) Describe macroscopically what happens to the capacitance, 
the electric field, and the potential difference of a capacitar when 
a dielectric s1ab is slipped between the plates, and explain micro
scopically (i.e., under the atomic point of view) the reason of these 
changes. 

4) Use Gauss ' s Lal t o calculate the electric f ield ex i s ting 
inside a dielectric slab which is slipped between a parallel-plate 
capa'citor, and the induced charged in the surface of the dielectric. 

5) Calculate the electric potential energy (and the electric 
energy density) stored in the space between the plates of a capacitar. 

6) Use the concept of storeu ~~ ~ ~ t ric energy to calculate 
works and forces in parallel-plate capacitors with or wi thout dielectrics . 

III - SUGGESTED PRúCEDURE 

1. Objective la: (a) Read section 30-1. The long explanation pro-
vided in the first two pages and the unclear Fig. 30-1 are designed only 

. t o show that the potentia1 difference between two cnarged bodies, one with 
charge +q and the other with -q, decreases when they are approximated, 
whereas the cparge remains constant. That i~ the capacitance (C = q/V) 
of the system is greater when the bodies are near to each other. This is 
the reason why in order to have large capacitance the plates of a capacitar 
mus t be as near as possible, but we11 insulated froa each other. 

(b) Read section 30~2. 
(c) From equation 30-5 we get that E = q/é

0
A; 

this iield ís due to the upper p1ate, du~ to the 1ower p1ate or due 
to b . th of them? 

(d) 
(e) 
(f) 

2. Objective 2 : (a) 
(b) 

3 . Objective 3: (a) 
(b) 

Answer question 4. 
Carefu11y examine examples 1 and 2. 
Solve prob1ems 7 and 10. 

Examine examples 3 
Solve prob1ems 11, 

Read sections 30-3 
Answer questiona 7, 

UFRGS 
tftuto de F 

Biblioteca 

and 4. 
12, 15 and 

anel 30-4. 
9, 12 and 

16. 

13. 
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4. Objectives 4 and lb: (a) Read section 30-5. 

explain the exact meaning of each 
(b) Make sure that you are able to 
term in equations 30-14 and 30-15. 
(c) Carefully ana1yze example 5. 
(d) Solve problems 17, 18, 19, 22 and 23. 

5. Objective 5: (a) Read section 30-7. 
(b) Answer question 14. 
(c) Solve prob1em 27. 

6. Objective 6: (a) Examine examples 7 and 8 in detail. 
(b) Answer question 11. 
(c) Solve problema 28 and 29. 

7. Additiona1 Problems: It is also suggested that, as exercise, the 
fo11owing problems shou1d be so1ved: 6, 20, 24, 34 and 37 • 

• 8. Supplementary Reading: Chapter 25 of the Student-Guide, Programmed 
Prob1em~1 wi11 be extremely useful in helping you grasp the content and achieve 
the objectives of this unit, specially if you had trouble in reading Chapter 
30 of the textbook. The examples and programmed prob1ems are particu1arly 
reconnnended. 

9. Answers to even numbered problems: 

30-10: 1.8x l0-6c 

30-12: a) 7.9 x 10-4C b) 79V 

30-16: a) ql = q = 9 X l0-6c, q2 = q = 16 x 10-6C 
3 4 

b) q1 = 8.4 X l0-6c, q2 = 16 x lo-6c 

10.8 X l0-6c, -6 
q3 q4 = 14.4 X 10 C 

30-20: before) c = toA/d after) C = EoA/(d-b) 

-10 
~ 4 

30-22: a) q 16 X 10 b) E 1.8 X 10 V/m o 

c) E 0.25 X 104 V/m, d) c = 16 X 10-12 

30-24: a) k = 7.14, 

30-28: a) V' = 2V, 

30-34: 

c) W = foAV
2 

/2d 

-2 U = 27 X 10 J 

b) q' ~ 8 x 10-7C 

b) U = toAV2/2d, U' 

F 
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EXAMPLE OF A STUDY-GUifJI : FOR THE EXPERIMENTAL GROUPS 

I nstitute of Physics, UFRGS 
Physics II - 1976 

UNIT V 

STATIC ELECTRIC AND MAGNETIC FIELDS 

I INTRODUCTION 

This unit is concerned with the two instances of the electromagnetic 

fie ld: the electric and magnetic fields . However, time dependent fields 

will not be considered, i.e., the unit deals only with static fields. 

Different ly from previous units, the content of this one will be 

rather specific. The basic properties and the action of those fields on 

charged particles will be studied in detail and some calculations will be 

-a. -made. However, calculations of E and B (the field vectors) will be 
_.. _.. 

made in the two following units. In this unit values of E and B will 

be used but not calculated. 

The Maxwell Equations concerned in this uPit are Gauss's laws, specially 

the one for electricity. The basic readings are Chapters 27, 28 and 33 of 

the textbook (exc l udlng the sections corresponding to calculations of ... 
E 

and Ê) plus section 37-2. Notes "V" emphasize the basic concepts and the 

similarities of the two fields. A suggested reading sequence is also pro-

vided in Notes "V". 

This is quite a long unit but the subject is not complex either 

under a qualitative or quantitative point of view. 
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II - OBJECTIVES 

The overall objective of this unit is a joint study of the static 

electric and magnetic fields in arder to examine with some detail the 

basic features of these fields emphasizing the similarities. That is, on 

one hand, the idea is to differentiate between the electric and magnetic 

fields by studying the properties of each one and the action of each one 

on moving charged particles. On the other hand, the idea is to integrate 

them by emphasizing the similarities and the use of common basic concepts. 

They are different and you should be able to distinguish between them, but 

they are also only different manifestations of the same field (the electro-

magnetic field) and you should also be able to recognize this. 

More specifically, at the completion of the unit you should be able: 

1) To identify the basic concepts used in the description of the 
electric and magnetic static fields and their action on dipoles and moving 
charged particles. 

2) To apply these concepts to describe the basic features of these 
fields and their action on dipoles and charged particles. 

3) To give examples of the application of these concepts to the 
gravitational field. 

4) To distinguish between the electric and magnetic fields in terms 
of their basic properties (e.g., field vectors and field lines). 

5) To establish a correspondence between the electric and magnetic 
field phenomena studied in this unit (e.g., electric dipole x magnetic dipole 
under the action of externa! fields). 

6) To explain the physical meaning of Gauss's law for electricity and 
to apply it to show that in an insulated conductor any excess of charge re
sides entirely on its outer surface. 

7) To explain the physical meaning of Gauss's law for magnetism and 
to apply it to show that the magnetic field !ines have no beginning and no 
end. 
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8) Ry analogy to the electric case. apply the Gauss law for the 
gr avitat ional field. 

9) Calculate: (a) the acceleration. velocity, kinetic euergy and 
áef lection of a charged particle in an eJectric field. 

(b) the radius. the linear and angular velocities, 
the fr~quen ~y. and the kinetic energy of a charged particle in a magnetic 
f ie ld. 

(c) the torque and the potential energy of an electric 
dipole in ~n externai electric field. 

(d) the torque and the potential energy of a magnetic 
dipole (a current loop) in an externa! magnetic field. 

(e) the resultant force on a charged particle moving 
through an electric and a magnetic field. 

(f) the magnetic force on an electric current. 
(g) electric and magnetic fluxes across open and 

c losed surfaces. 
10) Give examples of real situations or practical applications of the 

effect of electric and magnetic fields on charged particles. 

III - SUGGESTED PROCEDURE 

1) Skim the following sections of the textbook: 27-1, 2. 3. s. 6; 
28-1. 2. 3. 4. 5; 
33-l to 8 (all chapter); 
37-2. These are the 

basic readings of this unit but for the time being just skim them in order to 
get the flavor of what this unit is all about. 

2) Read Not~s "V". They provide a framework for the stndy of this 
unit and a suggested sequence of readings. 

3) The following steps are suggested to really go through the content 
of this unit. Whenever you feel it's necessary, do not hesitate coming to us 
for individual assistance. but first give a real thought to the points that 
you do not understand. Your interaction with the teacher and the proctors 
wil l be much more profitable if you have already studied the material and 
tried the questions and problems. 

4) Read the sections corresponding to Item I of the sequence suggested 
in Notes "V". Answer questiona: 27-3, 4. 6 

and 33-1. 2. 3. 
Solve problems: 27-2. 4, 8 

and 33-1, 2. 

5) Read the sections corresponding to Item II of the sequence suggested 
i n Notes "V". Answer questiona: 33-4, 5, 6, 7, 15, 16. 

Solve problema: 27-26, 28, 30, 31 
and 33-19, 20, 27, 28. 
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6) Read the sect:ions corresponding to Item III of the sequenc·.e 
suggested in Notes "V" . Answer questions: 27-12, 13 

and 33-8. 
Solve problems: 33-11, 12, 13 and the f ollowing 

problem: 

An electric dipole consists of two point charges 

of opposite ~igns, and magnitude q = l0-6c, separated by a distance 
5 

d = 2.0 em. This dipole is p lac ed in an externa! field E 10 N/C. 

(a) What is the maximum torque exe r t ed by the field on the dipole? 

(h) How much work must be dane by an externa! agent to invert the 
pos i tion of the dipole starting at the posi tion e = O? 

7) Read the sections corresponding to Item IV of the sequence 
suggested in Notes "V". Answer questions: 28-1 to 8. 

The following study questions are also designed to help you achieve 

the objectives of this uni t (you may use them as a self evaluation): 

Beside s Gauss' s law, can the other Maxwell Equations 
be applied to the gravitational field? Why? 

Why can't a magnetic static field change the kinetic 
energy of a moving charge? 

What is the nature of the acceleration acquired by an 
elec tric charge under the action of a static magnetic field? (Hint: see 
section 6-3). 

Magnetic f ,ield lines have no beginning and no end. 
Discuss. 

What are the basic differences between the field lines 
~ - -+ of g, E and B? 

How can uniform magnetic and electric fields be obtained? 
(Hint: Think in terms of uniformity only in a ·limited region of space.) 

What are the basic concepts of this unit? Are they 
specific ar general concepts in physics? Explain with examples • 

Use Gauss's law to show that in ân insulated conductor 
any excess of charge resides entirely on its outer surface. 
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Try to draw your ~ concept map for this unit. 

Do you think that you are able to do what is specified 
in the objec tives of this unit? Have you discussed with the teacher and/or 
proctors the points in which you have doubts? 

If so, you are prepared for the unit-test. Ask for 
if fro~ ~ proctor. The purpose of this test is to see if you have achieved 
the obj ~ tives of this unit. 

IV - : NSWERS TO EVEN NUMBERED PROBLEMS (odd numbered are provided in 

.L l -26) 

27-28) 

27-30) 

33-2) 

the textbook): 

b) 1.7 x 10-lO s; 

c) After reaching .lc the relativistic effects 
start to be relevant. 

a) Yes ; b) Strikes the upper plate at 2.7 em from 
the left extremity. 

a) q = Se; b) Electrons cannot be seen; the field should 
be very weak. 

a) 1 MeV; b) .5 MeV. 
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EXAMPLE OF NOTES (I) 

I nsti tute of Phys i cs , UFRGS 
Physics II - 1976 

I FORCES 

I.l Newt on ' s Laws 

NOTES (II) 

FORCES & FIELDS 

Isaac Newton developed a theory of motion , accordi ng t o which the 

changes of motion of any objec t: are the result of forces ac t ing on it. In 

so doing he created the subject called classical or Newtoni an mechanics, 

which was the cent ral portion of your Physics I course. By the way, the 

enormous success of classical mechanics made it seem, at one s tage, that 

nothing more was needed to account for the whole of physical phenomena. 

However, t he discovery of radioactivity, of the electron and the nucleus, 

and the progress of electromagnetism, called for fundamental l y new ideas. 

Newtonian mechanics, like .every physical theory, showed to have its funda-

mental limitatio~s. The analysis of motions at extremel y high speeds re-

quired the use of the modified concepts of space and time, pr oposed by 

Einstein in his special theory of relativity. But this does not alter the 

fact that Newt onian mechanics holds in an enormous range and variety of 

situations. The point is that physical theories have their l imits of 

validity and predictive power • 
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The concept of force comes initia l l y from subjective experiences, t he 

muscular effort involved in apply i ng a push or a pull. (Thus, force is used 

to describe what is common in the events of push and pull.) We must exert 

a "great force" in arder to push an automobile but a similar "great force" 

applied to a large truck produces no motion at all. Knowing that a truck 

has a greater amount of matter, i.e., a greater mass than an automobile 

leads us to the conclusion that the "amount of motion" that is produced by 

a given force depends on the ~ of the body. 

Newton's first law provides a crude notion regarding force: 

"If the net force on an object is zero, then 
the acceleration of the object is zero and the object moves 
with constant velocity ." 

In fac t we have here onJ v a definition of ~force. However, there 

i s the implication that force i s somehow intimately connected with the 

acceleration. The second law states this connection: 

"The accelerated motion of a body can only be 
produced by the application of a force to that body. The accele
ration is proportional to the impressed force and the constant 
of proportionality is the inertia or mass of the body." 

As you probably know in mathematical terms this law is expressed 

by the following equation: 

-ma (Eq. 1) 

This equation is a general statement regarding force (but not the most general) 

However, it is not a definition unless mass is uniquely defined . 
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Newton's third Law states that: 

"If an object 1 exer ts a force on an object 2 
then object 2 exerts an equal [ ore <.: , -lppositely directed, on 
objec t 1." 

In mathematical terms: 

(Eq. 2) 

(It can be shown that t his law provides a method of uniquely defining mass; 

then the equation 

of force.) 

~ -F = m.a 

I.2 The Basic Type of Forces 

gives a definition 

All forces arise from interactions between objects. One of the most 

remarkable features in the development of modern science has been the growing 

realization that only a ve1y few basically distinct kinds Jf interaction are 

at work. The following are the only forces that we know o f at present: 

Gravitational forces, which arise between 
objects because of their masses. 

Electromagnetic forces, due to electric 
charges at rest or in motion. 

Nuclear forces, which dominate the inter
action between subatomic particles if they are separated 
by dis t ances less than about lo-15m. 

It may even be that this degree of categorization will prove to be 

unnecessarily great; theoretical physicists are looking for a unifying idea 

that would allow us to recognize all these forces as aspects on one and t he 

same thing. However, at present time the assumption of the<·e t hree pr i mary 
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types of forces seems meaningful as well as convenient. Of course, there is 

always the possibility that Nature is more complicated than we are aware of, 

but at the present time there seems to be no need to invoke any additional 

type of force to account for any observed process. All forces that we know 

are instances of these three types. 

All our experience suggests that a gravitational interaction between 

material objects is a universal phenomenon. It is always an attractive 

interact ion. The general law of gravitational interaction arrived at by 

Newton states that: 

The force with which any particle attracts 
any other is proportional to the product of the masses of 
the particles, inversely proportional to the square of their 
distance, and directed along the line separating the two particles. 

In mathematical terms: 

(Eq. 3) 

where G is a constant of proportionality called the universal gravitational 
constant. 

Although electric forces are responsible for holding atoms together, 

they would, by themselves, prevent the existence of atomic nuclei. Nuclei 

contaín protons electrically repelling one another and not stabilized by a 

compensating negative charge. Nuclei are held together by nuclear forces. 

The force that acts at the small distances within nuclei and maintains the 

stability of nuclei, in spite of their tendency to fly apart because of 

electric repulsion, is called strong nuclear force. The strong nuclear force 
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acts between nucleons (protons and neutrons) but it is effective only over 

-13 distances of up to 10 em. (nuclear dimensions). It is said to be a 

short range forc~ . 

Another type of nuclear force is so-called weak force. The range of 

this force is even less than that of the strong forces and it acts between 

nuclear and elementary particles. 

1 . 3 Electric and Magnetic Forces 

These are the forces more directly relevant to this course. The forces 

that electrically charged particles exert on one another are of fundamental 

importance in nature. Although gravity is always present, the electrical 

force is overwhelmingly the most significant agent in all chemical and bio-

logical processes and in the interactions between physical objects of everyday 

size (gravitational forces play & prime role in most astronomical systems, and 

nuclear forces at very small distances). It holds atoms together, provides 

the rigidity and tensile strength of material objects, and ia the only force 

involved in chemical reactions. 

The basic law of electric forceis that found · by the nineteenth-century 

French physicist, C. A. Coulomb, and known by his name. Coulomb's law states 

that: 

"A charged particle at rest will attract or 
repel another charged particle at rest with a force proportional 
to the product of the charges, inversely proportional to the 
square of their separation and directed along the line separating 
the two particles." 

The force is attractive when the charges are unlike and repulsive when they 

are alike in sign. 
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In mathematical terms: 

(Eq. 4) 

where ql and q2 denote the charges carried by the particles and k in 
the proportionality constant. This type of force is usually called Coulomb 
force. 

So far, the electric force that we are talking about is between sta-

tionary charged particles. Moving charges also exert electric forces on 

each other. But an additional force arises in this case which we call the 

magnetic force. It has the interesting property that it dependa on the 

velocity of the charges and always acts on a given charged particle at right 

angles to the particle's motion. 

Actually , from the standpoint of relativity theory, the magnetic force 

is not something new and different. Charges that are moving with respect to 

one observer can be stationary with respect to another. Thus, if one accepts 

the basic idea of relativity, one may expect to be able to relate a magnetic 

force, as observed in one reference frame, to a Coulomb force, as observed 

in another frame. Ultimately, magnetic forces can be considered a relativis-

tic effect that arises when electric charges are not ~tationary. The 

"magnetic force of a magnet," which certainly is familiar to you, is a l!lacro-

scopic effect of the magnetic forces originated in the motion of the electrons 

(electric charges in motion). Magnetic forces arise exclusively from charges 

in motion. 

• In future units, calculations of electric and magnetic forces will be 

made. Now, before speaking of fields let's try a concept map for forces (it 

may help you to have a general view of forces) . See fig. 1. 

-------- - --------------------------------------------------
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In this map, force is at the top as the most inclusive (superordir.ate) 

concept. The three basic types of forc es are at a lower l evel and are con-

sidered less inclusive concepts than force itself. On ·the other hand, the 

primary types are more inclusive than their subdivisions (electric, magnetic, 

strong and weak) which in turn are more inclusive than further subdivisions 

and then the specific examples at the bottom of the map. This map presents 

the concepts hierarchically organized, but notice that they are connected 

by lines not arrows pointing down which means that such organization is not 

in only one direction. Sometimes a more general concept emerges from more 

specific instances of· such a concept; sometimes a more general concept is 

used to look at particular instances of that concept. 

Another remark is that this is just a map--not the only map of forces. 

You can try your own map, for example, starting with force at the center of 

tlie map . 

li - FIELDS* 

In spite of the fact that most of the forces that we encounter in 

everyday experience are of t he cont act type, we push or pull on something or 

one object strikes another, t he forces that we have labeled gravitational, 

electric , and magnetic are "action - at-a-distance" forces . To ancient men, 

contact forces were the only real forces. However, an entirely new concept 

emerged when Newton established the theory of universal gravitation. Ac-

cording to this theory, the Earth, Moon, Sun and planets all exert forces 

• 
on one another without contact or any material medium between them. The 

term "action-at-a-distance" was used to describe such an interaction. 

* Based on Physics and the Physical Universe, J.B. Marion, Chapter 8. 
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This conception, however, was not easily accepted and something called 

"ether" was invented to serve as a "medium" to transmit action-at-a-distance 

forces. The ether was supposed to be a tenuous substance that filled all 

s pace and was required to have a vanishingly small density to account for 

t he fact it could not be observed by any known means in an evacuated space. 

Although the ether concept was used f or many years it d jd not survive the 

test of experiment. In particular, c~reful attempts t o measure the speed 

of the Earth t hrough t he ether always gave the result of zero. Physicists 

were not willing to believe that the Earth was permanently at rest in the 

ether and that all other bodies in the universe were in motion through it. 

The ether theory had been forced to include so many ad hoc assumptions to 

explain so many fa cts that it finall~ · collapsed. In its place carne the 

fie ld theory approach to all action-at-a-distance forces. The idea of a 

field of force is most useful for this type of interaction. 

The above description is an example of what we discussed in Notes "I": 

the evolutionary nature of concepts in physics and the interplay between 

theory and experiment. 

II.l What is a Field? 

Any physical quantity that has a well-defined value at any point in 

space can be considered a fiel~ quantity. That is, we can imagine measure-

ments being made of a certain physical quantity (the field quantity) at every 

point in space. We must obtain a unique value of the field quantity at every 

point. And furthermore, there must be a smooth variation of the field from 

point to point. This smooth variation from point to point in space is an 

essential feature of a field. 
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A meterological map is actually a representation of the pressure field 

for the particular area. Such maps are prepared by measuring the atmospheric 

pressure at a larger number of points throughout a r egion and then plotting , . 
curves (called i~obars) to connect points of equal pressure. The pressure 

at a given point is specified by a single number. That is, pressure is a 

scalar quantity and the pressure field is a scalar field. 

Weather maps also show the variation of temperature across a region . 

In this case, curves (called isotherms) are drawn connec ting points at which 

equal temperatures have been measured. The temperature fi eld is also a 

scalar field since temperature is a scalar quantity. 

When water f lows in a river or stream, generally t he flow velocity is 

not the same at all points but varies in a smooth way from surface to bot t om 

and from midstream to bank. Because the fl ow velocity varies smoothly from 

point to point in the river, we can describe the situation in terms of a 

velocity field. A velocity field differs in an essential way from pressure 

or temperature fields because veloci~y requires both magnitude and direction 

for its specification. The velocity field is a vector field. 

Any physical quantity that has a well-defined magnitude and direction 

at every point in space can be considered a vector field quantity. Most of 

the interesting field quantities that we encounter in physics a re vectors. 

What about forces ? Fo~ce~ are vectors; the gravitational, elec tric and 

magnetic forces have well-defined magnitude and direction in every point of 

space. Consequently, it makes sense to speak about fields of fo r ces or, more 

specifically, the gravitational field, the electric field and the magnetic 

field. 
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* II.2 Field Vectors 

Consider the gravitational attraction of the Earth for a particle 

, 
• outside it. The pull of the Earth depends on the mass of the attracted 

particle and on its location relative to the center of the Earth. This 

attractive force divided by the mass of the particle being pulled depends 

only on the Earth and the location of the attracted object. We can, there-

fore, assign to each point of space a vector, of magnitude equdl to the 

Ear th's pull on a particle divided by its mass, and of direction identical 

wi th t hat of the attractive force. Thus we imagine a collection of vectors 

throughout space, in general dif f erent in magnitude and direction at each 

point of space, which define the gravitational attrac tion of the Earth for 

a test particle ~ocated at an arbitrary position. The totality of such 

vectors is called ~ field, and the vectors themselves are called the field 

strengths or intensities of the field. 

..... 
In this example, the gravitat ional field strength g at point P 

is: (Eq. 5) 

One can generalize this for the field produced by any distribution of 

matter , for which the field strength 
_.. 
g as a func t ion of position describes 

quanti tatively the gravita t ional field . The gravitational force exerted on 

an obj ect of mass m by this field is then given by: - --F = mg (Eq. 6) 

This field description of forces is especially useful in specifying 

electromagnetic forces. The electric field produced by a charged particle 

* Based on Newtonian Mechanics, A.P . French . 
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or by a collection of such charged particles is described by the electric 

field strength vector or intensity vector 
_. 
E, where: --- ..... E = F 

q 
(Eq. 7) 

.... 
F is the vector force acting on a positive test charge of magnitude q, 

--and E dep ~nds on position • 

For electric fields produced by charges at rest, the situation is 

similar to the gravitational case. The magne t:i.c field can be also described 

by a magnetic f ield strength vector or intensity_·vector. This vector is 

..... 
denoted by H, however, the expression: -- ..... H = F 

m 
(Eq. 8) 

where m in this case would stand for "magnetic charge" or "magnetic mass" 

is not useful because the concept of magnetic mass (or magnetic charge) is 

not useful. So far, no magnetic monopole has been detected in Nature. That 

is, no magnetic south or north pole isolated has been detected. Magnetic 

poles are always in pairs. So, the use of Equation '8' is dependent upon con-

siderations about long magnets in arder to consider the effect of only one 

pole. These approximations are interesting in order to carry the analogies 

further between the three fields (Coulomb's law would hold for magnetic 

masses: 
) , (Fq. 9) 

but not for practical calculations, for example . In subsequent mü ts, when 

the magnetic fie l d will be studied in detail, another vector will be defined 

to describe the magnetic field. This will not be the only time that the 

magnetic analog of certain electric quantities will not be useful due to 

the absence of magnetic monopoles. As a matter of fact, the absence of mag-

netic monopoles is the central phenomenon described by one of the four basic 

equat i ons of electromagnetism (Maxwell Equat:i.ons). 
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Some physicists are not convinced of this at all and are still 

carrying out experiments to detect a magnetic monopole. So far, it is not 

l íkely, but if s ome day a magnetic monopole is discovered some of the , 
• 

present concepts and equations should be at least modified to account for 

the new experimental evidence. That's the way physics works . 

II.3 The Principie of Superposition 

One fact that makes the field concept s o useful is that the force 

vectors and the field vectors obey the principl e of superposition. That is, 

if we wish to calculate the force or the field in a certain point of space 

due to many objects or charges, the net force or field is the vector sum of 

a ll individual forces or fields; each of these individual forces or fields 

can be calculated as if the other objects (or charges) were not present. 

-+ - 1: -F = Fl + 2 + F3 + . . . (Eq. 10) 

-- -- - -g = gl + g2 + g3 + (Eq. 11) 

...... ..... - -E = El + E2 + E3 
+ (Eq. 12) 

The superposition principle holds for waves too. It is an experimental 

fact that, for many kinds of waves, two or more waves can traverse the same 

space independently of one another. The , fact that waves act independently of 

one another means that the displacement of any particle at · a given time is 

simply the sum of the displacements that the individual waves alone would give 

• it. This process of vector addition of the displacements of a particle is 

called superposition. 
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The importance of the superposi tion pr incipie is that, where it holds, 

it makes possible to analyze a complicated wave motion (or field configura-

tions) as a combination of simple waves (or fields). 

11.4 * Li nes of For ce 

A diagram or map of a vec tor field is more c omplex than that of a 

scalar field because both magnitude and direction must be specified . Suppose 

that we begin to map the gravitational force field around a certain source 

mass M by measuring the force on a small test mass. The results of such 

measurements can be represented by a series of arrows, as in Figure 2. The 

length of each arrow is proportional to the gravitational force at the end 

of the arrow and the direction of the force given by the direction of the 

arrow. Alternatively, we can construct around the source mass a set of 

continuous lines, called lines of f orce, s o that at any point the direction 

of the f orce is the direction of the line of the force passing through that 

point. The magnitude of the f orce at any point in such a diagram is pro-

portional to the density of lines in the immediate vicinity of that point. 

Figure 3 is the representation of the lines of force for the electric force 

field of a point charge +q. A simple inspection of the lines of force 

diagram reveals where the force is greatest (where the lines bunch together) 

and where the forceis least (where the lines spread out to low density). 

* Based on Physics and the Physical Univers e, J.B. Marion . 

- ------------------------------------------------------------~ 
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This type of representation can be used for the gravitational, electric, 

magnetic fields and other vector fields. However, although the lines of force 

scheme is useful in visualizing the force field surrounding an object or 

charge it is i mportant to realize that this picture is only an invention--there 

are no rubber-band-like lines that extend through space and exert forces on 

I • other objects. Lines of force are not real--they serve only to provide a crutch 

for our thinking when we consider force-field problems. 
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Lines of force will be used throughout the course · and further pro

perties of them will be introduced !ater on . 

II .S Potential and Energy 

Fields can be described not only by vec t or s but also by scalar quantities 

called scalar potentials, or simply potentials , e.g. , the scalar gravitational 

potential and the scalar electric potential. The vectors and potentials 

descr i bing fields are intimately related. and often it is only a matter of 

convenl ence which one is used in a given problem. 

r otentials can be defined in terms of energy. As a matter of fact, the 

concept of potential energy may sound familiar to you. When we raise an ob

ject to t he height h above the surface of the Earth , we say that the object 

possess es a gravitational potential energy mgh relative to its init:!.al 

position. The gravitational potential energy per unit mass is the gra-~· itational 

potentia~. Similarly, the electric potential is the electric potential energy 

per unit of charge. 

Mathematical expressions can be deduced for potentials. This will be 

done !ater on for the case of the electric potential. For the time being the 

poin t is that pot~ntials are an alternative way (a scalar way) of describing 

fields of force. In practice, potential differences are of fundamental con

cern (the "voltage" is justa common term for electric potential differences). 

What about the magnetic scalar potential? Well, by analogy with the 

electric field, it is possible to introduce a magnetic potential, or a mag

netic potential dif f erence. However, it is not so useful a quantity because 

it is not as easy to place a physical interpretation on the magnetic potential 
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as i t is with electric and gravitational po t ent ial. Again , this is related 

to the nonexistence of magnetic monopoles. If single magnetic poles really 

existed the magnetic potential could be defined as a potential energy per 

unit pole . This is not the case . however, and the concept of magnetic po-

tential is not very useful. We will come back to this point in future units. 

In the above paragraphs we have implicitly admitted that a field can 

possess ener gy. Let's explore a little bit this assumption. When we raise 

an object to a height h above the surface of the Earth, we say that the 

object possesses a gravitational energy mgh relative to its initial posi-

tion. But does the object really possess this potential energy? Or does 

the Earth share i~ the energy? According to the field description of the 

gravitational interaction we should not ascribe the increase in potential 

energy to either pody. An amount of work mgh has been done ~ the field 

by changing the relative position of the two bodies and it is the gravita-

tional field that has acquired this energy. The energy can be recovered 

from the field to set the objects into motion. Similar comments also apply 

for the electrical and nuclear force fields. (Usually however, we speak 

about the potential energy of a body or charge or of a system of bodies or 

charges.) 

If we choose to group together all types of potential energy under 

the heading "field energy," we would have three types of energy: 

Kinetic Energy 

Field Energy 

Mass Energy • 
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* The Electromagnetic Field 

We have seen pr ev Lously t hat electric and magnetic f orces are very 

intimately associated with each other. In fact, together they account for 

that interaction between t wo charged objects which is due to their charge . 

Therefore, instead of considering the forces separately, we should properly 

speak of the e lectromagnetic interaction, which includes them both . If the 

two charged objects are at rest, then the magnetic forces a r e zero, and only 

electric forces need to be considered. If the charged objects are in motion, 

however, then both electric and magnetic forces should be considered. 

Since the electric and magnetic forces are intimately related, their 

fields are also intimately related, and we should properly speak of the 

electromagnetic field. A charge at rest gives rise to an electromagnetic 

field comprised of an electric field alone. A charge in motion gives rise 

to an electromagnetic field which includes both an electric and a magnetic 

field. According to the special principie of relativity, a charge can be 

considered either at rest or at motion, depending on the reference frame, 

despite the fact that the fields are different in the two cases. The two 

parts of the e lectromagnetic field are very intimately associated indeed. 

Thus far we have emphasized two types of vector fields, the gravitationa J 

field and the electromagnetic field. The gravitational and electromagnetic 

interactions and their fields account for nearly all forces we are ordinarily 

aware in daily life. The gravitational interaction keeps us on the Earth. 

Nearly all other f orces we are aware of arise (directly ar indirectly) from 

the electromagnetic interaction. We know, of course, that much of our machin cr.: 

and instrumentation are electrical. However, even the ordinary pulls and 

* Based on Concep t ual Physics, J.R. Ballif and W.E. Dibble. 
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pushes of one object against another involve elec trical forces . The atoms 

are held together by the electrical attraction between the positive protons 

and the negative electrons. However, that same force would prevent the 

ex i stence of atom nuclei (for we know that nuclei contain protons, positively 

charged particles, electrically repelling one another). As we have mentioned 

before, short range forces called nuclear forces maintain the stability of 

nuclei in spite of their tendency to fly apart because of the electrical 

r epulsion. But, what about nuclear fields? 

11.7 The Field of the Nuclear Force 

Well, the field concep t has been applied to the strong nuclear force, 

but the nature of the force in this case requires a departure from our pre

vious reasoning regarding fields. Unlike the gravitational and electro

magnetic forces, the effe~ t of the nuclear force does not extend to infinity, 

but is instead confined t extremely small distances. Thus, what is the 

nature of the nuclear field? The basic new idea that paved the way for our 

present (and still incomple te) understanding of the nuclear force was pro

vided by the Japanese physicist, Yukawa, in 1935. Yukawa hypothesized that 

two nucleons (protons or neutrons) experience an attractive force at small 

distances because of the exchange between them of a new elementary particle 

(which had not yet been obser ved at that time) called a meson. A meson is 

a particle with mass intermediate between the mass of an electron and that 

of a proton. Thus, physicists talk about a meson field and a meson exchange 

for ce . 
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This exchange force when treated in detail requires complicated 

mathematics, but a qualitative description can be made. Suppose that two 

boys are grappling for control of a basketball. One boy grabs the ball 

from the other boy and the second boy snatches it back again; the process 

is repeated over and over. This continuai exchange of the ball results 

in each boy being pulled toward the other; that is, there is an attractive 

"basketball exchange force." This example gives you a rough idea of what 

is meant by exchange force. 

Here again we have a nice example of the role of concepts or of a con-

ceptual structure in physics. The existing conceptual structure (forces, 

fields, elementary particles, etc.) which accounted for many experimental 

facts led to a new conception. It was used to hypothesize a model for the 

nuclear interaction . A new particle (meson) was predicted, new concepts 

(exchange force, meson field) were introduced. This conception in turn led 

to new research directions (e.g., detection of the meson), which could 

determine the revision of the conceptual structure or the discarding or re-

finement of the new model. That's the way progress is made in physics. 

"A fresh line of scientific research has its 
or1g1n not in objective facts alone, but in a conception, a 
deliberate construction on the mind. On this conception, all 
else depends. It tells us what to look for in the research. 
It tells us what meaning to assign these facts." (Schwab, 1962) 

Several brands of mesons are now known, but the meson that is respons-

ible for the strong nuclear force has been found to have a mass approximately 

273 times that of an electron and is called the 7( meson or pion. (The pion 

was not discovered until a 1947 experiment revealed the presence of these 
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mesons in cosmic rays; in the following year, pions were first produced 

artificially in an accelerator and since that time we have had available 

beams of pions for use in detailed studies of their properties and inter-

actions.) Consequently, we speak about the "pion exchange force" and the 

"p i on field" to describe the nuclear interaction. (Mesons are very short

lived, 10-
8 

seconds or less, and the exchange of the pion is an ex

treme1y rapid process, requiring on1y about 10-23 seconds.) 

By using the pion field concept of the strong nuclear force, a great 

dea1 of progress has been made, although we still have much to learn before 

we can claim to understand completely this basic force of Nature. The 

situation with regard to the weak force is even more bleak. Presumably, 

there is a similar elemenLary particle that mediates the force between 

electrons and neutrinos, but as yet we have no clear conception of the 

nature of this particle. 

II.8 Are Fields "Re * . "? 

Energy, as you ma:· have learned in your previous courses, is a very 

important, a key concept, in physics. If a field can contain energy, then 

must we conclude that tl.e field is indeed a real entity? In physics we 

attribute rea1ity exclusively to those quantities that are measurable . 

Distance, mass, velocity, and momentum are surely real. But we never measure 

the electric field vector 
-+ 
E or the gravitationa1 field vector --g. We 

* Based on Physic~ and the Physical Universe, J.B. Marion . 
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always measure the effect of these field quantities; that is, we always 

meas ure a force. Therefore, the fields are only mathematical constructions 

tha t enable us to interpret in a consistent and experimentally verifiable 

way the actions of the gravitational and electromagnetic forces. Are fields 

real? It is almost too fine a distinction to make. Whether or not they 

ar e real, the concept of field has been one of the most fruitful ideas 

in physics, and it is clear that we shall continue to reap the benefits 

of field theories in many areas of science and technology. 

II.9 A Concept Map for Fields 

In the previous sections we have introduced the concept of field 

quantity as any physical quantity that has a well-defined value at any 

pó int in space. If the quantity was a scalar we talked about scalar field, 

and about vector field if the quantity was a vector quantity. As forces 

are vectors, the concept of fields of force was introduced to account for 

t he "action-at-a-distance" interactions. Then we discussed the gravitational, 

electromagnetic and nuclear fields of force. We also introduced concepts like 

lines of force, potential, potential energy and the superposition principie 

which are connected to fields. We finished these Notes discussing the 

"reality" of fields. 

After reading all this don't you think that a concept map for fields 

would help to give you a general picture of the subject and clarify some 

points? Why don't you try to draw your own map before looking at Figure 4 

of these Notes. It is not difficult, just identify the key concepts and put 

them together in a diagram. Discuss your map with your teacher, your proctor, 

or your colleagues. Compare your map with Figure 4. Remember that there is 

not only one way to draw such a map. 
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At the bo t tom of t he concept map presented in Figure 4 are specific 

examples of f i elds . I nstead of specific examples we could use the bas i c 

events r elated to the concepts (remember that concepts describe regularities 

i n events. For example, the basic event related to the gravitational field 

concept is that forces arise between objects because of their masses. Some-

wher e, in following units we may put the basic events in the map too. 
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EXAMPLE OF NOTES (Il) 

Institute of Physics, UFRGS 
Physics li - 1976 

I INTRODUCTION 

NOTES VIII 
(Preliminary Version) 

POTENTIAL 

In Figure 9 of Notes III, we presented a concept map for electro-

magnetism, and we said that it would serve as a frame of reference for 

this course. Well, looking at this map, we will see that, so far, we were 

concerned mainly with concepts and laws situated in the upper half (and in 

part of the right side of the lower half). As a matter of fact, only one 

concept of the upper half was not yet considered in detail, i.e., the 

concept of potential. 

There are two types of potential, the scalar potential and the vector 

potential. In this course, only the first type will be considered in detail 

and we will call it just potential. We will start these notes with some 

brief remarks about the gravitational potential because it is used to 

describe a field quite familiar to you, i.e., the gravitational field. 

After this, most of the following pages will be dedicated to the electric 

potential because this is the case where the concept of potential is most 

useful within the scope of this course. As a complement, some attention 

will be paid to the magnetic potential and the vector potential, The Notes 

will end with a concept map for potential. 
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It must be emphasized, however, that the reading assignments of 

Unit VIII inc1ude not on1y these Notes but Chapter 29 of Ha11iday-Resnick 

as well. 

! 

li - THE GRAVITATIONAL POTENTIAL 

As we have seen before, the potentia1 is a sca1ar functíon that can 

be used to describe vector fie1ds. However, this does not mean that a 

potentia1 exists fo r any vector fie1d. The potential exists only when 

the field vector meets certain mathematica1 requirements which we will 

not specify because they involve mathematical concepts above the 1eve1 of 

this course, and because the important point for us is that the potential 

does not necessarily exist for any vector field. 

In the gravitational field, a potential does exist: the gravitationa1 

potential. Taki 11g the sea level as 1eve1 of zero potential, the gravitational 

potential in a point at a height h above the sea level is defined as the 

work that is necessary in arder to displace a body of unitary mass up to 

this point, or the gravitationa1 potential energy per unit of mass at this 

position. 

A surface of constant height relatively to the sea level is an equi-

.. potential surface; a body can be displaced from one point to another within 
h=SOO ~equipotentia1 surfaces 
h=400 this surface without a variation 

h=300 in its potential energy. Figure 
h=200 

1 i1lustrates this situation. 

t At great distances from earth, 

..?I::..-- -=- ~ 
~/'- ~ ~ 

......--------_..-t_....:- ~----- ~ -~- ~ -
............---~ ~ ------~ .-.
Fig. 1. (Notes VIII). 

the equipotential surfaces of the 

earth's gravitational field are 

spheres concentric with earth . The gravitationa1 field is a field of f orce 
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..... 
characterized by a field vector t' g) which, by defini tion, at each point 

is equal to the gravitational force exerted per unit of mass on a test 

body placed at that point 
......... 

(g = F/m) and is directed toward the earth ' s 

center. 

Considering that the gravi t ational potential is defined in terms of 

work and the gravitational field vector is defined in terms of force, a 

simple relationship should, therefore, exist between them . Such a relation-

ship is a s follows: + * g = -VP (1) , that is, the field is equal to the 

negative value of the potential grad j ent. 

The gradient of a scalar function ~ which may be represented by ,~ 

or grad 6 is given by: 

The gradient is a vector which nas the direction of the largest varia-

tion of ~- In the gravitational case, therefore, + g has the direction of 

largest variation of P (or Vg). Consequently, the gradient is always 

perpendicular to the equipotential sur faces: the largest variation is 

obviously obtained by passing from one surface to another in the shortest 

possible path, i. e., perpendicular .· y. (If you have already tried to clirnb 

a steep hill on a bike you certainly know that going up along a straight 

line is harder, although the work is the same, because this is the direction 

of largest variation in potential energy, i.e. , the direction of the potential 

gradient vector.) In addition, t he closer are the equipotential surfaceb 

i the higher is the gradient because of the greater rate of change of the 

potential r elatively to the distan e between the surfaces. This situation 

* In spite of being written f •r the gravitational field, this is a 
general relationship between field and potentia l . 
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i s i llustrated in Figure 2: íf sl' s2 and s3 are equipotentia l surfaces 

such that P
3 
> P

2 
> P

1
, the field 

_..., 2 
vector g will have larger magni -

tude at point 2 than at point l 

because at 2 the surfaces are 

Fig. 2. (Notes VIII). closer than at 1. In both cases, 

..... 
however, g is perpendicular to the equipotential surfaces and points in 

the direction opposing t he increase of 
..... 

P (g =- grad P). 

III.l THE ELECTRIC POTENTIAL (Electrostatic Potential) 

In the case of the electrostatic field the situation is analogous to 

the gravitational field: the potential is also defined in terms of a work 

and the electric field vector is defined in terms of a force 
............ 
(E= F/q). 

The work, in this case, is the work performed when displacing an electric 
_,. 

charge q in the electric field E. Assuming zero potential at infinity, 

the elec tric potential at a point P of an electrostatic field is equal to 

the work that must be dane by an external agent to bring a test charge (or 

the work per unit of charge) from the infinity to that point: 

(2) 

We must realize, however, that in both cases the level of zero potential 

is arbitrarily defined, i.e., the selection of the sea level for the gravita-

tional potential, .nd the infinity for the electric potentia l as levels o f 

zero potential is arbitrary (although convenient for analytic purposes) . 

But, on the other hand, if only potential differences are taken into account 

this problem is avoided because they do not depend on the level of reference . 
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This is the reason why in many instances we use only potential differences . 

In electric circuits, for example, we usually deal wi t h potential di.fferences 

instead of potentials. 

Using equation (2) for two arbi trary points A and B of an electric 

field: w 
VB-VA = AB 

qo 

(3) 

It can be shown (see section 29- 2 of Halliday-Resnick) that in an 

--.. 
electric field E the following equation expresses the relationship between 

t he electric potential V and the electric field vector 1:: 

V B -V A = - J! E · dl (4) 

If poin t A is at an infinite distance from all charges, that is, if 

VA ~ O, this equation will give us the potential at point B, or, without 

_the subscript B: 
( 5 ) 

These two equations (4 and 5), therefore, allow us to calculat e t he 

potential difference between any two points, or the potential at any po i n t -when E is known as a function of distance . It must be remarked, however, 

that the expression v -v = Ed 
B A 

which might be familiar to you is a 

particular case of equat ion 4 in which -E i s constant, i. e., the field ís 

uníform. -In general, E is a function of dístance and to s olve the integral 

( - --+ E · dl 
.J 

we mus t know this function. By the way, this integral is also a 

line integral as that one of Amp~re's law, but not closed. 

As in the gravitational case, the field vector is equal to the potential 

gradient with a minus sign: -E = -grad V (6 ) 

__,. 
While equation 5 allows the calculation of V from E, equation 6 -allows us to calculate E from V. This reciproc ity support s an earlier 
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sta temen t saying that the field vector and the potentia1 are intimately r e -

lated quantities. 

Further details about the subject of this section are in Chapter 29 

of Ha1liday-Resnick . In the next section ~ve will give some examples on 

how to calculate the potential due to continuous and discrete distributions 

of charge. 

III. 2 CALCULATION 0F THE POTENTIAL 

(a) Discrete distributions of charge: In arder to calculate the po
tential at any point due to a group of point charges, we fir s t calcu1ate 
the potential V due to each charge, as if the other charges were not pren 
sent, and, then, we add scalarly the quantities so obtained: 

v= I. v 
n n 

(7) 

It is possible to show (see section 29- 3 of Halliday-Resnick) that 
the potential due to a point charge is given by 

v= _1_ .9. 
47rt:o r 

(8) 

Thus, the potential due to a group of 

~ qn 

point charges is given by: 

Let's 
at point P 

' ql 

4m 

I 

1 
v = 47rea n r 

n 

see an examp1e: Suppose that we have to calculate the 
due to three point charges q1 , q2 and q

3 
as shown in 

In arder to do this, we 
calculate the potential 
charge : V = _1 __ q1 

1 4}"'~ r 1 

is the distance between 

(9) 

potentia1 
Figure 3. 
will first 
due to each 

where 

q
1 

and P. 

I 
vl = 9 X 109 Nm2 

3 x lo-6c I . 
I c2 2m 
I 2m 

q2 ~------· q3 

ql = 3 X 10-6c v1 13.5 X 103 v 

q2 = - 2 x 1o-6c 
1 q2 

q3 = 4 x Io-6c vz 4-n-éO r 2 

Fig. 3. (Notes VIII). 
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- 6 3 (- 2 X 10 C) ~ - 4 .0 X 10" V 
(22-+ ~:' )1/2 

3 
9. 0 X 10 V 

Obviously, we could have used equation 9 direct Jy: 

the resu . t would be the same . 

It must be remarked that this sum is just an algebraic .um because 
t he potential is a scalar quantity. 

Now , we will use this opportunity to calculate the potential energy 
o f this distribu.tion of charges: the electric potential energy of a system 
of point charges is defined as the work required to assemble this system of 
charges by bringing them from an infinite distance to the p sition they 
occupy in the system. It is assumed that the char; es are a l l at rest when 
they a r e infinitely separated, i . e., they have no lniti, 1 ki 1 e t i c energy. 

Fór a sys t em o f two point charges q
1 

and 1_
2

, tlte elec t r · c potential 
energy U is given by (see section 29-6 of Halliday-Resnick) : 

u = 1 qlq2 (lO) ----
4"'t:o rl2 

where represents the distance between 

For a group of point charges, we compute the potential energy for 
every pair of char ges separately and add the results algebraically . Thus, 
i n our case: 
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u12 = _1_ q1q2 = 9 X 109 Nm2 
3 X 10-6c (-2 10-6C) -3 . X = - 13.5 X 10 J 

4,..eo r12 c2 4m 

9 X 109 Nm2 3 X 10-6C {4 X 10-GC) -3 
ul3 = 1 qlq3 = ';)r 24.2 X 10 J 

41t-ê.o rl3 c2 (42 + 22)1/2 m 

q2q3 = 9 X 109 Nm2 . ( -2 X ~0-6C) 4 X 10-6C = 
r23 ~ 2m 

-3 - 36.0 X 10 J 

U - 13.5 X 10-3 
J + 24.2 X 10-J J - 36.0 X 10-3 J ~- 25.3 X 10-3 J (What 

is the physica1 meaning of this minus sign? ) 

In arder to complete the study of this topic, you must also examine 
examples 5, 8 and 9 of Chapter 29 of Ha11iday-Resnick and solve some of 
the problems concerning discrete distributions of charge proposed at the 
end of this Chapter (e.g., 7, 8, 13). 

(b) Continuous distributions of charge: In this case, we divide the 
distribution into differentia1 e1ements of charge dq, calculate the potent ial 
dV established by dq at the point at which V is to be calculated, and 
integrate. In other words, the sum of equation 7 must be rep1aced by an 
integral: 

v = ( dV = _1_ s~ 
) 4~ r 

where r is the distance between 
calculated and dV = _1 ___ ~ is 

41rea r 

dq and the point at which 
the potential estab1ished by 

(11) 

V is to be 
dq at that 

point. Let's app1y this equation to a problem: Suppose that we want to 
ca1culate the potential established by a nonconducting rod of length L, 
uniformly charged with a linear density of charge )l , at a point P located 
on the vertical line that passes at the middle of the rod as shown in Figure 
4. The first step is to divide the distribution into elements of charge dq. 
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In order to do this we divide the 
p 

length L into elements of length dx; 
each of these elementary leng t hs 
ha s a charge dq that produces 

y 

• I\ 
I \ 
I \ 
I \ 

' 
' 

X 

\ 

\ 
\ 
\ 11" dx 
\ 

L _______ .,. 

Fig. 4. (Notes VIII). 

dV = _1_ E_q 
41Yêo . r 

1 

~éo 

a potential dV at point P. 
Thus, let's consider the element 
dx indicated in the Figure . 
(Notice, however , that dx is a 
differential element of charge 
located at any point on l ength L 
and, therefore, a t a varying 
distance from P; elements of length 
or elements of charge a t the ex-
tremities of a distribution of charge 
must be avoided becaus·e they usually 
lead to errors as, for example, 
considering constant the distance 
between these elements and point P.) 
This element will establish a 
potential dV at point P: 

Àdx 

(Notice tha t dq was replaced by .À. dx; if /\.. were not given, dq 
could be replaced by q/L . dx which is the same thing because q/L = À 
by def inition; however, it would be a mistake to r eplace dq by ;lq/L . dx .) 

At this point, we can obtain the potential V established by the rod 
a t point P by integrat ing dV from -L/2 to +L/2, or , from O to L/2 and 
multiplying the integral by 2; it would be wrong, however, to use L/2 and L 
or O and L as i ntegration limits because , in thi s case, the orig in would 
be at the extremities of the rod. Thus: 

vP = } dV = 2 

(The integral was obtained 

in an integral table; it is neither an immediate integral nor easily solved 
by substi tution of variables.) 
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= ~ ln[ L/2 + 1 ( L2 + 4y2)l/Z - y] 
2~ 2 

= _ll_ ln[ L/2 + ( L2 + 4y
2

) 112 f 2] 

2"'eo y 

is the expression of the poten-

tial V ata point P l ocated on~he median (V is a function of y). From 
~his expression we can calaulate E at point P using the relation 
E = -grad V. In this case: 

-+ ~ - -E = - [ .d_ V(y) i + ~ V(y) j + à V(y) k ] 
àx ày dz 

As v is a function of y only : - -E = - ..d..._ V(y) j o r Ey - _LV(y) 
õy dy 

Ey = - d (~ ln[ L + ( L2 + 4y2 )1 /2]) 
dy 2J""eo 2y 

Ey = - _21._[ 2 l/2(L2+4y2)-l/ 28y • 2y-2[L+(L
2
+4y

2J112
] 

~o L + (L2 + 4y2)1/2 4/ 

(Remember that d ( ln u) = u-l du) In arder t o simplify this expression 
let's call (12 + 4y2)1/2 k: 
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Ey 
[L!k 

4 2k-l ~L+k) ] - ____'À._ y_ -

2~0 y 

[ k • 
4y2k-1 - k . (L+k)] 

Ey = - __LL L+k L+k 

2'2:o ky 

[~- k] 4y2 k2 - 12 Ey - Â. L+k but = 
2~0 ky 

[k2-L2 - k 
Ey = - _2,__ L+k ~ [ k~~-k ] 

~o ky 2~ 

Ey = À L o r Ey = g 1 
2~ky 2~ y (12 + 4y2)1/2 

since À= q/L and k = (12 + 4y2)1/2 

This last expression gives the magnitude of the electric field Jr at 
a point P on the me~ian. ~otice that this result is the same obtained 
with the expression E = ~ dE; see problem 27-15 of Halliday-Resnick) Such 
a result was obtained from V but this was possible because w~ knew V 
as a function of V. A common mistake in the calculation of E from V is 
the following: V is known at a specific point (not a generic point) and 
-+ 
E is determined simp1y by multip1ying V by a distance. This is 
because instead of knowing the function V, what is known is the 
this function at a certain point. The relation between ~ and V 
relation between functions. 

wrong 
value of 
is a 

In order to complete the study of the preceding topics, you must read 
Chapter 29 of Halliday-Resnick. Carefu11y examine the examp1es and solve 
some of the problems proposed at the end of this Chapter (e.g., 18, 19, 20). 

The 1ast section of these Notes is designed to provide some complemen
tary notions about the mag~etic potentia1s • 
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IV - THE SCALAR MAGNETIC POTENTIAL AND THE VECTOR POTENTIAL 

(a) The Scalar Magnetic Potential. 
the potential difference between any two p~ints A 
terms of the line integral of the vector E along 
connecting these points: 

-dl 

In the electric field, 
and B ,.,as defined in 
a path of integration 

Notice that VB-VA does not depend on the path because the e lec trostatic 

field is a conservative field, i.e., a field where the work required to dis
place a charge q from one point to another does not depend on the path 
taken between those points; the potential difference between two points, as 
we said before, }s exa~ly this work per unit of charg~. Notice also that, 
when V A = VB, ~ E . dl = O, i. e., the integral o f E along a closed path 

is always zero in an electrostatic field. This result provides additional 
support fo r the asser tion that the electros tatic field is conservative (a 
field of forces is conservative when the work dane by the force on a particle 
describing a closed path is zero). 

By analogy, it 
in terms of the line 
points. However, we 

is possible to define a ~agnetic potential difference 
integral of the vector B alongfthe path connecting two - -have already seen that usually B . dl I O because 

according to the Amp~re-Maxwell's law 

which means that 

the magnetic field Êi is nonconservative . * But in the case of the magneto
static field (d~E/dt = O) it i~ po~ible to say that at regions external 
to a conductor where i = O, ' B . d1 = O and the field is conservative. 

In this case, it is possible to define a difference of scalar magnetic 
potential: 

v 
m 

= v -v = - 1 B A -f' O 

As in the electrostatic field, the relation 

From this relation follows 
direction i is given by: 

that the component of 

- v B =-~o d m 
M 

-B - -)Lo grad vm is true. 

B along an arbitrary 

* When studying time dependent fields we will see that electric fields 
as~oci~ed with a ~hangtng magnetic flux are also nonconservative because 
~ E . dl f O ( f E • dl = - d~B/dt, Faraday-Lenz's law) 
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However, it is dtfficult to find a physical interpretation for the 
magnetic potential difference, similar to that one used for the electric 
potential difference , because it does not represent the work required to 
displace any real enti t y along a path between A and B. There are no 
magnetic monopoles that could be displaced between A and B. 

In additi0n, contrarily to the electrostatlc ca~e where the large 
usefulness of V lies on its path independence, which is related to the 
fact that -dl = O, d1 = o is not generally true. Thus, 

the magnetic potential v 
m 

is a concept of very limited usefulness. 

* (b) The Vector Potential.~ There is a theorem in vector analysis 
according to which any field vector F that doe <· not have divergence is 
equal to the curl of some other f:f.eld vector A; that is, if 

- -V · F=O then .... - .... F =v X A • 

... 
In other_words, if the field vector F has no divergence then another 

fiel~ vector A may4 in pr inciple, b~ found in such a way that the curl 
of A is equal to F. This vector A is calJ ed the vector potential. 

In the case of the magnetic field, we hav already seen that 
§ B · ~ = O which means that ·v · R= O and therefore, a vector potential 
exists. However, we will not go into further deta "ls because this potential 
is relevant only in an advanced course in elect romagnetic theory. In the 
case of the electric field, on the other hand, in general 

_. __,. ,~- ......... __,. § E • ds = q/VJ and V · E = q/fp. Thus, the curl of 

-+ 
E is different from zero and the vector potenti al does not exist. 
NOTE: This section (b) was included in these Notes just to remark that 
besides the scalar potential there is also a vector potential. 

III A CONCEPT MAP FOR POTENTIAL 

To close these Notes. a concept map for potential is presented in Figure 

5. As usual, this is .!!. map, and not the map. It i s designed to provide some 

sense of arder and to give a general view of the content of this unit. 

* This topic will not be asked in tests because it requires advanced 
concepts of vect r analysis • 



I -

• A ' ' '\ • t • 

e ----------------- -. ., . 

~ 
~ 
Y'\ 

~ 
~ 
~~ .. ,.,. 

·~ 

' f~ ft~ VB-VA•- .dl VB-V A•- 'AE.dl 
l 

- ... 
g • - gra.d V g E .. -grad V 

·~ _._. 
VB-VA•- ~.dl 

A )I.. 

-B •-,.u..grad V • 

' -div B • O 

... -t 

B • curl A 

Fig. 5. (Notes VIII). A Concept Map for Potential. 
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EXAMPLE OF "NOTES" (III) 

Institute of Physics, UFRGS 
Physics I I - 1976 

I - INTRODUCTION 

NOTES XVII 
(Preliminary Version) 
MAXWELL'S EQUATIONS 

As a matter of fact, we have always been dealing with Maxwell's 

Equations, either directly when they were introduced in Unit III and when 

we used them to calculate electric and magnetic fields or, indirectly, 

when we studied phenomena described by them. Now, however, we will look 

at them under a global point of view, i.e., focusing on all of them at 

the same time. 

Since this is the last unit, a general review of the course will 

also be made in the light of Maxwell's Equations and of the general con-

cept map of electromagnetism introduced at the beginning of the course. 

. * li BASIC EQUATIONS OF CLASSICAL PHYSICS 

Before discussing Maxwell Equations once more, let's see what position 

they occupy within the content of classical physics. The following equations 

are the basic equations of classical physics: 

* Adapted from "All of Classical Physics," Section 18- 3 , Vol. II, 
The Feyman Lectures on Physics. 

U'FRG 
natftuto d e Ftaea 

Biblioteca 
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e.of ..... ---. 
1) E . ds = q 

~ -+ ...... - d<}B 2) E • dl == 

dt 

' - -3) B • ds = o 

4) f ...... d! =to<i +to d!!SE ) B 

dt 

5) -F = -q(E 
... t') +vx 

_.. .... 
6) F = E.E_ 

dt 

(p mv 
(l _ v2/c2)1/2 

.... mlm2 t 7) F = - G 
2 r 

r 

Gauss's Law for 
Electricity 

Faraday-Lenz Law 

Gauss's Law for 
Magnetism 

Amp~re-Maxwell's Law 

Lorentz's Force 

Second Newton's Law 

Einstein's relativistic 
correction) 

Newton's Law of 
Universal Gravitation 

Basically, these equations represent the fundamentais of classical 

physics, that is, the physics that was known around 1905. These equations 

describe all classical physics. 

First, we have Maxwell's Equations which give us information about 

electric and magnetic fields. However, these equations don't say anything 

about the action of these fields on electric charges. This is the concern 

of the next equation, the Lorentz Force, which says that these fields exert 

forces on electric charges. But, knowing how to calculate these forces 

doesn't mean too much, unless we know what happens when a force acts on 

something. That is, we need a law of motion. This law, discovered by 

Newton, says that the force is equal to the rate of change of the momentum. 

(With Einstein's correction, relativistic effects are also included in this 

law.) 
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As in terms of classical physics there are only Lwo f undamental 

types of force, namely, the electromagnetic and gravita tLonal forces 

( th e nuclear force belongs to the domain of modern physics ), the lis t 

f equat ions will not be complete unless it includes a law of for ce 

for the gravitational interaction. This law is Newton's Law for the 

universal gravitation. 

At this point, you should realize that, in the same way that in 

the first unit we emphasized that the number of key concepts of classical 

physics was quite small, we ar now emphasizing t hat the number of basic 

equa tions is also relatively small . That is, a s most of class ical con-

cep t s are subordinated t a reduc ed umber of key concepts, most "formulas" 

tha t you know are derived directly or indirectly from a few basic equa-

ti ons. Isn' t it surprising that physics is so sim üe when s een in the 

light f its key concepts an f undamental equations? 

But, what about Maxwell's Equat i ons ? Wel l , from wha t was said, we 

can infer that the y are not only the basic equations of the e l ectromag-

etism but constitute the majority of the basic equat ions of classical 

physics as well. Isn' t t his surprising too ? 

* III- STATICS VERSUS DYNAMICS IN ELECTROMAGNETISM 

Although we star ted this course at a very general level and introduced 

Maxwell's Eq ations <t t the beg1.ming, later on , i n ~everal opportunities we 

* Adapted from 'What is Trul' f or Statics i s FaJ se for Dynamics, " 
Section 15-6, Vol. TI , The Feymnan Lectures on Physics . 
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focused on particular cases, i.e., without general validity. This section 

is designed to distinguish once more between the general and the particular. 

By and large, what is valid for static electromagnetism is not valid in 

electrodynamics. This is summarized in the fo1lowing Table: 

TABLE 1 (Notes XVII) 

Va lid Only for Static Fie1ds 

F 

' Jt · dl o 

-E = - grad V 

For conductors, 
V = constant 

E = O, Q c v 

(Amphe' s Law) 

dB = ~oi dl sin 9 
. 4 "11- 2 

(Biot-Savart's 
Law) 

r 

u 1 cv2 + 1 11
2 

2 2 

* Maxwell's Equations. 

Always Valid 

-- - - ...... F q(E +v x B) 

J: __.., -- * ê,
0 

J E · ds = q 

___., 
dl = 

E= - grad V -~A 
at 

(Lorentz Force) 

(Gauss's Law 
for e1ectricity) 

(Faraday's Law) 

_,. 
(A is the vec-
tor potential) ... 

In a conductor, E causes electric 
currents 

- - d~E * i. B • dl = 1L o (i + t - ) J r o dt 

u 

(Gauss's Law for 
Magnetism) 

i 

I 

I 

I 

I 
I 
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In this Table, Maxwell's Equations are indicatl'd with an n~> terisk and , 

a s we could expec t , a ll of them are in the right .Ji te of the Tab l e , i. e ., 

t hey ar e a lwa ys valid. What is in the left side of tbe Table i s t rue for 

. t a tic í' lectromagnetic phenomena but fa lse for dyn::1mic electromagnetic 

phen mena. Coulomb 's lavl and Ampére's law, for ex;mtpl e , are valid for 

s tatic f i elds, but in electrodynamics these laws must be substituted for 

those in the righ t side of the Table, and so on. 

lV - BAS l C PHENOMENA DESCRIBED BY MAXWELL'S EQUAT10NS 

In this section, a summary of the basic phenomena described by each 

of Maxwell's Equations will be made. 

IV.l i. ~E ___,. Gauss's Law for Electricity: J ds = qfto 

This law describes the electric charge and the electric f ield that 

j_t produces. It says, essentially, that in an electric field the ~lectric 

f l~~ through any closed surface is proportional to the net cha rge enclosed 

by such a surface. That is, the law says simply that the electric flux 

depends only on the internal charges in relation to the surface under 

~ 

consideration. (By the way, this law does not say tha t the field E also 

de pends only on internal charges.) 

2 From this law we can derive Coulomb 's law (F = 1 / 47r€o • q
1 

q
2
/r ) 

which describes the attraction and repulsion between point charges. With 

Gauss's law we can also show that any exces s of charge placed on an in-

sulated conductor resides enUrely on its outer surf 8.ce. 
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Gauss' s law fo r electricity also says that, in general, the lines of 

for ce of the electric field 1 are not closed because usually ' E · d-; f: O 

which means that there are points where línes of f orce "are born" (positive 

charges) and points where they "die" (negativ e cha rges). In other words , 

there is a "source" of 
~ 

E if q 
__.. 

is positive and a "sink" of E if q 

_.. 
is negatíve ; if q = O, the flux of E ov er the surf ace is also zero. 

This law allows the calculation of electric f i e lds either directly, 

when depending on the conditions of symmetry of the pr oblem, 
-+ E can be 

put outside the integral symbol, or, indirectly, thr ugh Coulomb's law. 

As far as stat ic fields are concerned, both the phenomena and the 

problems are described and formulated in terms of the concepts of force, 

fie ld, fl ux, and potential. Considering that Gauss's law provides an 

expression for the force (Coulomb' s law) and allows the calculation of 

thc flux, of the field and of the potential (because it can be obtained 

..... 
from E), the previous staternent saying that this law describes the elec-

tric field generated by electric charges is justified • 

On the other hand, in the case of induced electric fields, Gauss's law 

is not useful because these fields are associated with a variation of the 

magnetic flux and not directly with electric charges. If q = O, Gauss's 

law would say that ~, ...... -} E · ds = O which would mean that the lines of force 

of the induced electric field are closed, i.e., contrarily to the case of 

the electric field associated with electric charges, they will have no 

beginning and no end. Indeed, these lines of force are closed, but with 

Ga uss's law we would stop at this point. That is, we could not, for ex-

ample, calculate the induced electric field (which can be done with 

Faraday's law) • 
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IV.2 Gauss's Law f or Magnetism: -ds = O 

This law describes the magnetic field. As a matter of fact, it 

describes a fundamental feature of the magnetic field and, for that reason 

it does not provide as much information as its counterpart for electricity. 

This fundamental feature is that isolated magnetic poles do not exist. 

In other words , this law says that the !ines of force of the mag-

--netic field are closed and the flux of B through any closed surface is 

always zero. 

Comparing this law to the similar one for electricity, we can say 

that in magnetism there is no counterpart to the free charge q in 

electricity . The simplest magnetic structure known in magnetism is the 

magnetic dipole which is characterized by its magnetic moment)'. 

As a consequence, the "Coulomb' s law for magnetism" and "the scalar 

magnetic potential" are not meaningful, except in rough approximations. 

In addition, the fact that the integral 

.... 
rnakes this law useless to calculate B. 

-ds is always equal to zero 

IV.3 Amp~re-Maxwell 's Law: f B · dl = /"'o (i + f..o dóE) 

dt 

This law describes the magnetic effect of an electric current or of 

time varying electric field . In words, we could say that this law states 

that a magnetic field can be produced by an electric current or by the 

time variation of an electric field. 

Not considering time varying fields, the equation of this law is 

reduced to {- -'! B • dl = fo i which is known as 
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Ampere's law and descr ibes the production of magnetic field by an electric 

-+
current. It says t hat in a stat ic magnetic f ield t he i ntegra l of B over 

a closed linear path i s propor t ional t o the net current t hat passes through 

the area bounded by the closed path. Thus , the i ntegral depends only on 

t he currents that are in t ernal to t he pa th of i ntegration. (By t he way, -the l aw does not say t ha t B also depends only on internal curren t s . ) 

With Ampere's law we can ca l culate magne tic fie l ds prod u ed by s t eady 

currents when the conditions of symmetry of the probl em a l lo v us t o put 
--;.. 
B 

ou ts i de the i ntegral symbol. (When t his i s no t possible, Biot-Savart's 

law must be us ed .) 

The term tod<.6 E/ dt '"h ich was introduced by Maxwel l s ays t ha t a 

magnetic fi eld may also be produced by a time varying e lec t r i c f ield ( t h is 

ph enomenon is t he s ymme t rical counterpart of Fa r a day's law of induct i on). 

For example, in a capac i tar t hat is being charged or discharged the electric 

field between the plates i s changing with time (in the RC experiment we 

have seen tha t V i s a function of t) : having a very sensitive instrument 

we could detec t t he presence of a magnetic fie ld between the plates as if 

they were connected by a wire carrying an e lec t ric current. 

This term, proposed by Maxwell , is known as dis pl acement current and 

a l lows us to keep the i dea of c ontinuity of the electric current. For ex-

ample, in an AC circui t containing capacitors, it is possible to show tha t 

the magnitude of the displacement current between the plates of the capacitor s 

i s exactly the same of the conduc tion current t hat pas s es th r ough the other 

components of the circu it . 
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Considering only displacement currents, we have 

which describes one of the most important electromagnetic phenomena, i.e., 

the production of a magnetic field by a changing electric field. Depending 

on the conditions of symmetry of the problem, this equation can be used 

to calculate induced magnetic fields. 

The Maxwell-Ampere' s law also says that, in general, t he magnetic 

field is nonconservative because f fr ·~~ O. This fact implies that 

the concept of scalar potential is not useful in this case, that is, the 

concept of scalar magnetic potential is not meaningful. 

i. - --+ d!6 IV.4 Faraday - Lenz's Law: 1 E · dl = - ~ 
dt 

í-+ -+ In the same way that the equation ' B • di = ~o ~o d~E/dt describes 

the production of a magnetic field by a changing electric field, the equation 

'Jt · dfx- d~B/dt describes the production of an electric field by a 

changing magnetic field. This is also one of the most important electro-

magnetic phenomena. 

The integral f Er · Jt is called electromotive force and is repre

sented by the symbol e. Many times the faraday-Lenz's law is written simply 

as ~= - d~B/dt and the fundamental phenomenon which is the production of 

an electric field by a changing magnetic field is often overlooked. 

The minus sign which appears in the equation indicates that the effect 

of the induced electromotive force (i.e., of the induced electric field) always 

opposes the change that produced it . (This effect is just a consequence of 
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the law of conservati on of energy.) For example, when the magnetic f lux 

t hrough a coi l i.s changing with time an electromotive force is induced in 

t he region where the coil is, and, in turn, will cause the appe.arance of 

an induced current in the coil. The magnetic field of this current will 

hnve such a direction that opposes the change of the magnetic fi e ld thHt 

produced the induced electromotive force (i f not, it would reinE orc e .i t 

and increase the induced current indefinitely). 

Faraday's law not only says that an electric field i s produced by 

a changing magnetic flux, but also that the magnitude of the induced field 

depends on how much and how fast the magnetic flux changes, that is, it 

depends on the rate of change of the magnetic flux. Considering that 

~ Jt · dJ i O, this law also says that the induced electric field is non

conservative and the concept of potential is not applicable to such a fielJ. 

In this section we tried to summarize the basic phenomena desc ribed 

by each of Maxwell's Equations. It is clear that several phenomena were 

overlooked, however, a careful analysis will show that directly or indirect]y 

they are a lso described by these equations. 

v SUMMARY OF THE STUDY OF ELECTROMAGNETISM: EQUATIONS, CONCEPTS, 
SEQUENTIAL ORGANIZATION, AND GENERAL CONCEPT MAP 

V.l Equations : 

Obviously, the basic ~uations studied in this course were Maxwell 

Equations. However, in addition, the following equations were also emphasized: 

F= 1 
4,..~ 

(Coulomb's law) 
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d13 = ~oi, __ dl sinEI 
41'r' 2 

~ -F = q ( E + 

r 

___. 
V X -B) 

( ~ iot-Savart ' s l aw) 

(Loren tz ' s For~ e ) 

The following concepts f ormed the conceptual basis of the s t uciy of 

eJec lromagnetism in this course : 

Fon.:e 

l 
Supero rd i nate concepts : eac~h of them appli c. -

fjeld able t o both the e lect r i c and magnetic cases 

Potential (wi th the poss i ble exception of potent i al) . As 

Flux a mat t er of f a c t, t he conc ept oE cha nging f ield 

Energy could be considered subordinat ed to the general 

lnduction concept of field. But, given its r elevance f o r 

Chr~nging Field the description of fundamental e lectrom<~gnetic 

phenomena and considering tha t it is applicable to both instnnc es of the 

electromagnetic field , th i s concept was inc luded among the supe r ord i na t e s. 

Obviously, many other concepts we re a lso used in the description of 

elect romagnetic phenomcna s tud i ed in this course, bu t they are con c c~pt s 

s pecif ic to electricity or to magnetism or are subordinated t o the above con-

cepts. It js the case o[ curren t , r esistance, electromotive fo rce, capacitance, 

l nductance, permeabili ty , and others . Electric charge seems to be a s ped al 

case because, on one hand, it is a v ery specific concept, but, on the other 

hand, the electric charge is a t the roots of all electromagnetic phenomena . 
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V.J Sequential Or ganization: 

The study of electromagnetism, from Units I to XVII, was sequentia ll y 

. , organized according to the scheme shown in Figure 1 . 

As shown in this Figure, the course started at a very general level 

dea ling with physics and physical concepts. After this, it became a little 

more specific when just two concepts were emphasized: forces and fields. 

Then, on one hand, the particularization continued because the focus was 

only on the electromagnetic interaction, but, on the other hand, the subject 

was approached ata general level again and Maxwell's Equations were intro-

duced almost qualitatively. 

At this point, i.e., after the introduction of the basic phenomena 

and equations, Maxwell Equations started to be "unpacked" to show how they 

describe electromagnetic phenomena and how they can be used to calculate 

e lectric and magentic fields. In the following units, the topics became 

• more and more detailed, but the basic concepts and the Maxwell's Equations 

üwolved in each unit were always emphasized in arder to distinguish be-

tween the general and the particular. This was done until all phenomena 

and equations had been studied with a degree of detail compatible with 

t he scope of the course. At that point, however, an integra tive revie~..r of 

a ll top i cs studied in the course was necessary and this is the goal of thís 

unit. 

V.4 A General Concept Map of Electromagnetism: 

At the end of unit III we introduced a concept map of e lectromagne t ism 

and we said that this map would serve as a frame of reference for the enL u·(· 

• 
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Physics & Physica1 Concepts For ces and Fie1ds 

~ ~ 
r--------------.The E1ectromagnetic Interact ion~:==:=:=:=:=:=:=:=:=:=:~ 

(Maxwe1l 's Equati ons) 

l 
Review of Mathematic~ 

! L----------- Static El ectric and Magnetic Fields ------------------~ 

/ ~ 
alculation of Electric 

Forces and Fie l ds 
Calculation of Magnetic 
Forces and Fields 

~ 
Potential 

! 
Labora t ory : Electric Field 

! 
Electric and Magnetic Properties of Matter 

! 
Electric and Magnetic Circuits 

! 
Labora t ory: Linear and Nonlinear Resistors 

Laboratory: RC Circuits 

l 
I nduced Electric and Magnetic Fields ------------------~ 

! 
Labor atory : Electromagnetic Induction 

! 
Energy in the Elrctromagnetic Field 

~---------------------- Maxwell's Equations ------------------------------J 

Fig . 1. (NOTES XVII) 
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cours e. Now, we will retake this map (see last page of these No t es) and 

justify such a statement. 

In this map, the four Maxwell ' s Equat ions are inside rectangles. 

The concep ts used in the description of the e l ec t romagnetic phenomena are 

inside ellipses. In the central column, also inside ellipses but in capital 

letters, are the superordinate concep ts, t he key concepts. (By the way, 

t he concept of field is at the center of the map . ) The laws of Biot-Savar t 

and Coulomb which had a relevant role in the ca l culation of the electric 

and magnetic fields are also inside ellips es . (As a matter of f ac t , t he 

equation of the Lorentz Force should be also incl uded in the map . ) 

The map tries to emphas ize t he symmet ry or analogy between e l ectrici ty 

and magnetism as instances of electromagnetism. In order t o avoid an ex

cessively complicated map, not all possible associations were repr esented 

by connecting lines. 

Throughout the course, when stat ic phenomena were studied we were at 

the upper half of the map; when we discussed i nduced f ields we were in the 

l ower half; when we spoke only about electric fie l ds we were a t the left 

s i de; and when we were dealing onl y wi th magnetic fields we were at the righ t 

s i de. 

VI DIFFERENTIAL FORM OF MAXWELL EQUATIONS 

This section was included in these Notes in order t o gi ve you an idea 

about the mathematical treatment t hat would be given to Maxwell's Equation 

in a more advanced course in electromagnetism. In case you are interested, 
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the subject of this section may a l so be f ound i n " Supplementary Topic V" of 

Hallíday-Resnick. 

In this course we have used Maxwell's Equations i n i ts integral form . 
r 

+ 

__. 
ds = O 

1.. ........ ~ d~ 
'J B • dl = ~o(i +to ~) 

dt 

The variables 
.... .... 
E and B whi ch are usually t he unknown variables 

appear in t he integrands. Only in a few cases, depending on the conditions 

of symmetry, t hey can be placed outside the integral symbol. In this case, 

t he problem of calculating 
_. ........ 
E and B is easily solved, but, in more 

general pr oblema, this cannot be dane. 

However, changing Maxwell' s Equat i ons from its integral form to its 

differential form, we wi ll have equations applicable t o each point of the 

I space instead of integr a is va l id only in r egions of the space . In this way, 

k· - --it will be possibl e t o relate E and B at a certain point with the charge 

density and current density (which are microscopic quantities as we have 

seen) at this point. 

In order t o make s uch a transformat i on in the mathematical form of 

Maxwell's Equations, we have to use more advanced concepts of vector analysis, 

• 
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in particular, the 1perator 

But, as this sect i on has only a complementary and illustrative purpose , we 

will not go into the detaíls on how to obtain the dif f erential form of 

Maxwell's Equations . In add i tion, another system of units should be used 

i nstead of the MKS system . 

Thus, we wi l l just present the equations in its differential form: 

'V - e ....... e E (or , di v E = ) Gauss's law for -
E o E o electricity 

v __.. .... 
B = o (or, div B = O) Gauss ' s law for 

magnetism 

2 v - ~ d (or, 
2 .... ~ 

Ampere-Maxwell's C x B = j_+ E C rotB = j_ +c}E) 
f_ dt é.o at law o 

-·· -a. 
-Õ B 

-+ 
~ .· E = (or, rot E = -Q!!) Faraday-Lenz's 

Ôt at law 

In this forro, •:he constants that appear in Maxwell 's Equations are 

é
0 

and c2 . t,
0 

cen he experimentally determined by measuring the force 

between two point char gc>.s and using Coulomb's law. The constant t c2 that 
o 

.. ~ - - 2 appears in the equation ~ x B = j I é C 
o 

(when ÕE/ êh = O) by measuring 

the force be t ween two curre·.:ts. Through these measurements, we obtain 

C = 3 · 108 m/s • Maxwell carried out this calculation for the first time 
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and said that "packages" of electric and magnetic field s should propagate 

with such a speed. He also called attention to the puzzling coinc i dence 

that this was the speed of light: "It is hard to avo i d the i nferenc e that 

light consists of transvers e osc illat ions of the s ame medium that is the 

cause of the electric and magnetic phenomena." 

Maxwell made one of the great unifications of physics . Befor e h im, 

there was light and there was e lec t r icity and magnet i sm. The last two were 

unified by the experimental work of Faraday, Oers t ed and Ampere. Then , all 

of a sudden , light was not "somethi ng else" but e l ec tricity and magnet i sm 

in their new form: small "packages" of the el ec t r ic and magne t ic field 

propagating throughout the space . 
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EXAMPLES OF UNIT-TESTS FOR THE PSI GROUPS 

[(a)- Experimental Group] 

IFUFRGS 
Physics li - 1976 

UNIT X - Test 2 

Name: Number: 

Date: Group: 

1. Distinguish between insulators and conductors in terms of polarization 
and induced electric field. 

2 . A capacitor is charged by using a battery, which is then disconnected. 
A dielectric slab is then slipped between the plates . Describe 
qualitatively ( saying if increases, decreases or remains constant) 
what happens to: 

(a) The real electric charge 
(h) The electric field 
(c) The potential difference 
(d) The capacitance 
(e) Exp lain under the atomic point of view what happened in (b). 

3. A cylindrica l capacitar consists of two coaxial cylindric tubes of 
radii Rl and R2 and length L (being Rl < R2 < L). Calculate 
its capacitance. 

4. A 1.0 m length aluminum bar has a square cross-sectional area of 
1. O cm2. 

(a) 

(h) 

What is the value of the resistance when~easured between the 
extremit ies of the bar ( ~ = 2. 8 x 10-8 ~1 m)? 
What should be the cross-sectional area of an iron bar 
( Q = 1.0 x 10-1~ m) with the same length in order to have 
the same resistance o f the aluminum ba r? 

5. What is the meaning of saying that a conductor is '' non-ohmic" ? 
Explain. 
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A small sample of a certain material is placed in a non-uniform 
magnetic field as indicated in the Figure. Say what happens (and 
explain why) to the sample in the following ~ 

(a) The material is paramagnetic 
(b) The material is diamagnetic 
(c) The material is ferromagnetic. 

(a) 
(b) 

~ 
Draw the magnetization curve for a ferromagnetic substance. 
What is the hysteresis effect? Explain this effect in terms 
of the domain theory • 

... 
B 
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[(b) - Control Group] 

IFUFRGS 
Physics II - 1976 

1. 

UN IT VI I - Test 4 

A parallel-plat e capacitar with 
distance d is filled with two 

A I 

~k;.;.:;l~------t d/2 

~k~2~==~==~-- d/2 
I 

plates of area A separa t ed by a 
different dielec tr i cs as shown in 

the Figure. Calculate the 
capacitance of this capacitar , 
without regarding the arrange
ment as two capacitors in series . 

2. A capacitar is char ge d by using a battery, which is then disconnected. 

3. 

4. 

s. 

A dielectric slab i s t hen slipped bet ween the plates. Describe 
qualitatively ( saying if inc reases , decreases , or remains constant) 
what happens t o : 

(a) The real elec t r ic char ge; (b) The electric field; 
(c) The potential d iffer enc e; (d) The capacitance; 
(e) Explain under the atomic po int of view what happened in (b) . 

While a capacitar r emains connected to a battery, a dielectric slab 
is slipped between the plates. Describe qualitatively what happens 
to the charge, the capacitance, the potential difference, the electric 
field, and t he stored energy. Is work required to insert the s l ab? 

Calcul ate t he e quivalent capacitance of the association. Cl = 5 }'<-F 

l Cl 
C2 = Sp.F 

~ 
C3 Sp.F 

C4 lOfLF . 
C3 

C2 

I * 
A capacita r Cl is charged to a 
charging bat t ery is then removed 

Vo _[ Cl ~ C2l 

1 T 

C4 

potential difference Vo. The 
and the capacitar is connected to 

an uncharged capacitar C2 
as shown in the Figure. 

(a) What i s the final potent ial difference across the combination? 
(b) What is the stored energy before and after the switch is thrown? 
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THE CONCEPT ASSOCIATION TESTS 

Institute of Physics - UFRGS 
Physics II - 1976 (1st Semester) 

Name: ----------------------------------------
Da te : ____________ __ Group: ______________ _ 

GENERAL I NSTRUCTIONS 

Number: -------------------
Course: -------------------

The data asked in the questionnaire below and i n the tests that 

f ollow in the next pages will be used exclusively for research purposes . 

Th i s i s a research where we will try to investigate indirectly what you 

know about Physics II at the beginning, at the middle and at the end of the 

cour se . Thus , at the mi ddle and at the end of the course you will be asked 

again t o answer these tests to allow us to study the changes occurring i n 

your answers . 

We have done o t h er r esearch s t ud i es in previous semesters and we have 

a lways had a great amount of cooperat i on from t he s t ud ents . As this co-

opera t ion is v i ta .L f or our r e search we expec t to hav e yours t o. Read the 

I 

I 

I 

I 

mfa0x111· m0wumthseer~oustnesst~ I 

1.ns rue 1ons. 

instructions of each t e s · carefully and answer it with 

In these tests there is no right or wrong answer, just 

I 

I 
r By doing this you will be extremely he lpful to us. 

I 

I 
L__ _________________________________________________________ _ 
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QUESTIONNAIRE 
(Fill in AlJ Items) 

Are you repeat i ng Physics II? 

Do you \vork besides studying? 

3. If your answer was ye r. , approximately how 
many hours/week do you work? 

4. How man y courses are you t a king this 
semester besides Physics li? 

s. Did you repeat Physics I? 

6. What was your final grade in Physics I? 

WORD ASSOCIATION TEST 

INSTRUCTIONS 

Yes 

Yes 

] Yes 

] No 

] No 

] No 

This first test is des igned to check how many words you are able to 

associate with a given concept in a certain period of time. We will give 

you a word meaning a physical concept and you will be asked to write down 

as many words associated with this concept as possible. These words should 

be from the field of physics, i.e., from the usual language of physics that 

you know from previous courses, frorn this course or from books where you 

have studied before orare s tudying now. We don't expect you to be able 

to fill in all the blanks in a given page of this test. What we expect is 

that you fill in as rnany blanks as possible. An exarnple is given below: 

Temperature 
Ternperature 
Ternperature 
Tempera ture 
Ternperature 
Ternperature 
Temperature 
Temperature 
Temperature 
Ternpera ture 

TEMPERATURE 

Heat 
Energy 
Dilation 
Specif ic Heat 
Thermometer 

Temperature 
Ternperature 
Temperature 
Temperature 
Temperature 
Temperature 
Ternperature 
Ternperature 
Temper ature 
Temper ature 
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ln eac h nf the following pages yo u ~ill find a single physical con-

cept. Proceed as in the preceding example , ~riting b12 s i ,-!.:~ this concept 

as many words as you can associate with it within the field of physics. 

Make sure of always thínking on the given cor ,cept and not on the words 

that you have already written. The concept b~fore each blank is exactly 

for this reason. 

You will have one minute per page. The t eacher will tel l you when to 

Lurn the page. Don 's__pass to the next page before you are told to do it. 

[In the original, each of the next pages contained one of the 
following fifteen concepts: ELECTROMOTIVE FORCE, ELECTRIC 
RESISTANCE, INDUCTANCE, MAGNETIC FIELD, POTENTIAL, ENERGY, 
FORCE, ELECTRIC CURRENT, ELECTRIC FLUX, ELECTRIC FIELD, ELECTRIC 
CHARGE, MAGNETIC FLUX, TIME, WORK, CAPACITANCE. The concepts 
were given in thís arder which was randomly sel ected and dis
played in each page as in the example . ] 

NUMER.ICAL CONCEPT ASSOCIATION TEST 

INSTRUCTIONS 

This test is des i gned to verify to what ext ent you relate or associate 

certain physical concepts. Each of the f ,• llowing pages will contain a cer-

tain number of pajrs of concepts. Beside each pair there is a numerical 

scale r anging from l. to 7. In this scale , "1" corresponds to a high degree 

of relationship between the concept::. (e.g., work and energy, f ·rce and 

acceleration) and "7" to almost no relationshi~ (e.g., moment and volume). 

If you think that the concepts of a given pa i r a re intimately related check 

number 1 in the s cale. On the other hand, f in your opinion one concept of 

a pair has nothing to do wi t h the other check number 7. These are the two 

extreme situat ions , the numbers between 1 and 7 reflect intermediate 
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situations: the closer to 1, thc s ~cater thc relationship; the closer 

to 7 , thc smaller the relationship. 

Make s ure no t to skip lines. There is no time limi t for this tes !: . 

[In the original, the 105 possible pairs between the 15 concepts 
of the preceding test were randomly ordered and displayed as 
illustrated below. ] 

Force - Potential 
Work - Inductance 
Force - Electric Charge 
Time - Electric Res i stance 
Electric Charge - Electric Current 
Time - Capacitance 
Electric Current - Potential 

1 2 3 

1-r---

1-1--
GRAPHICAL CONCEPT ASSOCIATION TEST 

INSTRUCTIONS 

'• 5 6-- --y 

-- >---

·- '-

The rules of this test are quite simple . At t he top of the next page 

you will find a list of concepts relevant to the study of electromagnetism 

which you are asked to display in a diagram, like a small map, according to 

the following rules: 

1. More general concepts must be written inside rectangles. 
2. Second level ar intermediate concepts must be wr itten inside 

circles ar ellipses. 
3 . Least general ar third level concepts must be jus t wr itten 

without geometrical figures surrounding them. 
4. The related concepts must be linked with !ines of arbitrat:y 

size and shape. 

Use your own judgment and make sure of using each concept only once . To 

avoid repetitions ar omissions it is convenient to put a check on the con-

cepts already used in the list. 

UFRGS 
1tttuto de Fl.S 

Blb1loteca 
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ELECTRIC RESISTANCE 

ELECTROMAGNETIC FORCE 

CAPACITANCE 

l'1AGNETIC FLUX MAGNETIC FORCE 

ELECTROMOTIVE FORCE ELECTRIC FLUX 

MAGNETlC FIELD ELECTRIC FORCE 

ELECTRO"r-1AGNETIC FlELD 

DISPLACEMENT CURRENT 

ELECTRIC ENERGY 

MAGNETIC ENERGY 

ELECTRIC CHARGE 

ELECTRIC POTENTIAL 

ELECTRIC POWER 

Us ing the rules given in the preceding page, make a diagram for 
t hese concepts i n the space below: 

[No Example was given in this Test] 
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EXAMPLE OF A LABORATORY-GUIDE FOR THE CONTROL GROUP 

Institute of Physics, UFRGS 
Physics II - 19 76 

Name: 

Date: 

Number: 

Group: 

UNIT VI 

EXPERIMENTAL STUDY OF A SIMULATED ELECTROSTATIC FIELD 

INTRODUCTION 

This i s the first laboratory unit of this course. It is, essentially, 

a unit of application of what you have learned in previous units. You wil l 

have the opportunity to study, in practice, some of the topics already studied 

theoretically like electric fields, electric potential differences, lines of 

force, equipotential lines, and others. Besides, you will also have the 

opportunity to work with an instrument of measurement that has multiple 

purposes: the multimeter. In this experiment you will use the multimeter 

as a voltmeter • 

PROCEDURE 

In the fo llowing pages, you will find the objectives of the experime •. t 

and the suggested procedure to perform such experiment. After the experiment, 

when you feel t hat you are able to do what is stated in the objectives, 

present yourself to a proctor for an oral interview. At this occasion you 

must present h im the resulta you obtained in this experiment. 
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EXPERIMENTAL STUDY OF A SIMULATED ELECTROSTATIC FIELD 

OBJECTIVES 

At the end of this experiment you must be able to: 

l) Draw equipotential lines using the measured potential differences. 

2) Draw lines of force of an electrostatic field when the equipotential 
lines are known. 

3) Distinguish between lines of force and equipotential !ines. 

4) Identify the points of large and small intensity of an elec tro~ 
static field from its lines of f or ce. 

5) Say whether an electric field i s uniform or not from i t s lines 
of force. 

6) Determine the direction of an electric field from its equipotential 
lines. 

7) 

PROCEDURE 

Describe the experimental procedure necessary to study t he electro
static field existing in the vicinities of a charg ed conduc tor 
of arbitrary shape. 

In the following pages you will find a programmed guide to perform the 

experiment. This guide contains questions that you must answer in the blanks. 

On the back of each page, you will find the answers to these questions. It 

is very important that you write all your answers to the questions of a given 

page before looking at the answer sheet. Once you have compared your answers 

with the answer sheet on the back of each page, correct your answers (if 

necessary) writing the right answer below yours and go to the next page. 

Obviously, sometimes you will have to decide about the correctness of your 

answer. As you proceed through the guide, you will realize that initially 

the questions are designed to provide a theoretical background for the experi

ment and, !ater on, they are concerned with the experiment itself. Always 

try to answer the questions without asking help from the teacher or proctors, 

and write your answer before checking the answer sheet. 
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[NOTE: In the original, the answers to each question are provided 
in the back of the same page, except the last ones which bear no 
answers.] 

~~at do you understand by the electrostatic field surrounding a 
charged conductor? 

2. Establish a fundamental difference between the electric and the 
gravitational field. 

3. Is it possible to describe an electric field mathematically using a 
scalar function? If yes, say what function this is and whether it 
describes the field completely. If no, justify your answer . 
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4 . As w hav a lre ady seen , an electric field can be described by the 
ele ct r ic potential function. Supposing that you can determine the 
potential i n every point of an electric field, is ít possible to 
draw línes of force of such a fíeld? Is yes, explaín how; íf no, 
justify . 

5. The following equipment is available to you: a small ele ctro lytic 
tank, a multime ter, electrodes, a DC power supply, connecting wires, 
and conductors of various shapes and sizes. Draw a scheme showing 
how you will use this equipment to measure potential differences 
insid e the l iquíd layer . 

6. Connect the instruments according to the above scheme and ask the 
t e acher or a proctor to check the connections before turning t h e 
power on . 
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7. What are you measuring when the terminal of the voltmeter is placed 
at a certain point inside the liquid layer? 

8 . Placing the terminal on different points, what is observed concerning 
the occurrence of identical measurements? 

Y. Does this experimental observation seem reasonable to you under 
t he point of view of physics? 

10. Ho\v will it be possible to draw an equipotential line of the electric 
fle ld that you are testing with the terminal of the voltmeter? 
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Determine several different poin t s with t he same poten tia1 and draw 
on graph paper t he cor r esponding equi pot ential l ine. Using this 
method draw severa l equ i pot ential l i nes a nd s ome lines of force . I f 
you did not at t a ch any conductor to the extremit ies of the electrodes , 
they p l ayed t he r ole of point charges and what you have r epresent ed 
graphica lly is the fi eld of an electric dipole. The lines of fo rce 
do not cross . Why? 

12. To represent graphically a unifo rm field, repeat the previous pr o
cedure attaching t wo para llel metallic pl ane pl ates to the extremi ties 
of the electrodes. Wha t do you observ e concerni ng the equi potential 
lines and the lin~s of force in t he r egion between the plates? 

13. 

14. 

Pl ace a metallic cylindrical tube between the para l l el pla tes . Repeat 
the previous pr ocedur e. Wha t do you observe concerning the potential 
inside the cylinder? Why? 

Present to a proctor t he graphica1 representations ( i n graph paper) 
of the electric fields obta ined i n s teps 11, 12, and 13 above and be 
prepared to answer oral l y s ome questions on the objectives of the 
experiment . 
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EXAMrLE OF A LABORATORY-GUIDE AND A LABORATORY-NOTES 
FOR THE EXPERIMENTAL GROUPS 

Ins~ itut ~ of Physics , UFRGS 
Jhysics II - 19 ~ 6 

Nam.· : Number: ----- ----------------------
Da te: Group: 

UNir IX 

EXPERIMENTAL STUDY OF A SIMULATtm ELECTROSTJ\TIC FTELD 

INTRODUCTION 

This is the f irsL laboratory experiment of this course. With this 

and th o ther three experiment s t hat will follow on coming units we i ntend 

to giv e you an üppor tunl t.y to acquire exper i mental abiLi. t it>.s aud familiarity 

w::.th some instruments of measurePl~nt. But, above a ll , we i.atenli to give 

you a better idea of the role of t lle laboratory in physics and of the 

í nterdepend ence bei:'IJeen theory and experimentation, through the experimental 

study of a certain problem. We do not want just to illustra te topics al-

ready studied t heoretically, neitller give you a "recipe" t o [ ollow in arder 

t'"l obtain a predeter mined result, i.e., a "right answcr." 

In accordanc e with such purposes, the instructions tha r you will re-

cetve will be intentionally br ief in order to provide you t he opportunity 

tJ find your own s olut i ons to the problem . You will be qui t e free to plan, 

to carry out the exper iment a d to make your measurements. In t his first 

e>..1Primr:mt, the subject is stat í c electric fields and we wíll provide you 

the necessary equi pment to s imu late such a type o f fields and to study 

tl er:, experimentally . 
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OBJECTIVES 

At the end of the experiment you must be able to: 

1) Ident i fy the basic ques tion(s) under investigation as well 
as the basic phenomena and the key concepts involved in the 
experimen t. 

2) Draw lines of force of an electrostatic fie ld when the equi
potential lines are known . 

3) Identify t he points of l arge and small intensity of an electro 
static field from its lines of force. 

4) Dete rmi ne the direction of an e lectric field from its equi
potent i a l lines . 

5) Describe the method used in the investigation of the basic 
question(s). 

6) Report the answers (results ) you found for the basic quest i on(s) 
and discuss the importance and validity of t hese answers . 

PROCEDURE 

Read Notes " IX". They are designed to provide a theoretical back
ground for the experiment and to pose the problem to be studied experimentally. 

I dentify the basic question(s) to be answered exper1mentally . 

Identify also the bas1c phenomena and the key concepts involved in 
t he bas1c question{s) to be investigated. 

Plan and assemble the experimental setting necessary to data collection. 
Call the teacher or a proctor to provide you individual assistance 1f neces
sary or to check your experimental design. If the instruments of measurement 
are not yet familiar to you, ask for an expl anation on how they work. The 
misuse of thes e instruments might cause permanent damage to t hem. 

Record, analyze and interpret your data. Carry out the calculations 
and dr aw the graphs if necessary. Draw your conclus1ons 

Present your results to a proctor and be ready to explain how you got 
them and discuss their importan _, and validity • 
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NOTES IX 
(Preliminary Version) 

THEORY A D EXPERI ME 1Tl·TION 

In the f irst un:l t of this c0urse, i n Notes "I", we di.-:cussed th • 

interdependence ex i s t. i ng between theory and experimenta t ion :: n phys-Lcs. 

At that opportunity it was said: 

The sc i en tist seeks to learn the ' t ruth' a bottt nat 1re. However, 
in phys ics we ca n never l earn 'absolute tliuths ' becaus t phys i cs is 
bas ically a expe r imental science; experiments are never pe t·fec t and , 
therefore , l' Ur k O'(,ú edge of nature mus t be always imper ·ect. We can 
only st te a t a certain epoch in time t he extent and p t·ec isior of our 
knowledge of na t u r • , with t he full rea l ization t hat bo tl· the extent 
and the pre i si n will increase in t he next epoch . Our understanding 
of the phys ical wor ld has as its f ounda tion exper imenta . measu rements 
and observations ; ou these are based our theorieo that crganiz r our 
facts and dee pen our understanding. 

Phys ics i s not an armchair a_t i vi ty . " he ancient Greek philo-
sophers debat ed t he nature of the physical \,•orld, but t hey would not 
test their conclusions, they would no t experiment. Rea] progress was 
made only cen t uries la ter, \.;rhen man f inally realized t ha r. the key 
to scientific knowledge lay in obser vation a nd exper iment , coupled 
with r eas on. . • • 

The mere accumul ation of facts does no t constitut e good s c ience. 
Certainly , f acts are a necessary ingredient in any science , but facts 
alone are f l:lmi t ed value. In order to fully utilize our facts , we 
must systematize our i n formation and di sc over how one event produces 
or influences anothe r event •..• 

w~en co f r onted with a set of f acts , it is the scient i s t's task 
to find the simp l est possible way to relate these f acts one to ano t her. 
A succes s ful rel a t.ionship is called a t heory. An acceptab le theory 
must account f or all empirical informa tion. accumulated a bout the parti
cular subject anel, furthermore, it mus t be capable of predicting the 
results of a ny experiments that can be performed. (Frequent.ly , a 
theor y will predt ct e f fects that a<~e beyond our capabilities to detect 
at pr esent; in such c nses, the tes t s must await the development of 
more sens i ti e techniques.) If any disagr eement is found between 
theor y and exper iment, then the theor y must be modifi ed to account for 
the new inf orma t ion. Thus, theories evolve by successive ref ine
ments. . In i ts embryonic stage s , a theory is of ten called a 
mod eJ.. •.• (Excerpted from Physics_ and the. _Physic_al Un~~~:r;s e, J .B. 
Mar íon) 
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Well, this is a laboratory unit and, as Buch, it must be at least 

coherent with the above discussion. Obviously , however , we must realize 

that several practical limitations will prevent u s fr om proposing a real 

scientific experiment. (Besides, this is just an i ntroductory physics 

course.) Instead, we will try to explore the í nterdependence between theory 

and experimentation by means of a very simple experiment . \fuat we will do 

is to study electrostatic fields experimentally . based on the theory of 

the electrostatic field. Thus , we will start wj th a brief discussion about 

the theore tical background of the experiment fol lowed by the identification 

of the problem. Next, we will proceed with some practical considerations 

and we will give you some suggestions. To perform the experíment ís 

your responsíbilíty. 

II - THEORETICAL BACKGROUND 

The electrostatic field, as we have seen before, may be described not 

only by a vector, the electric fíeld íntensíty ve·:tor 
~ 
E, but also by a 

scalar function, the scalar electric potentíal V. In addition, this field 

may be also descríbed graphícally or visualízed through lines of force. 

These are three different ways of describing the same thíng and, as such, 

one can expect that they are related. Indeed, thís relationshíp exísts and 

can be summarized as follows: 

The tangent to a líne~of force at any poínt gives the direction of 
the electric field vector E at that point. The lines of force are drawn 
so that the number of~ines per unit cross-sectional area is proportional 
to the magnitude of E . 
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_.. 
If E is known in e c ry point of the f e l d, t he potential difference 

between any t wo points, or the potential at a arbitrary poin t, may be cal
culated t hr ough the equation 

v -v = - )B t . di 
B A A 

... 
Reciprocally, if V is known ~hroughout a certain reg ion, E may 

be calculated through the equation E = - grad V. From this equation we 
infer that if we trave! through an electric field along a straight line 
and measure V as we go, the rate of change of V ~ith distance that we 
observe, when changed in sign, is the component of E in that direction. 

~ 

The minus sign implies that E points in the direction of decreasing V. 

-+
The !ines of force and , consequently, the electric field vector E, 

are perpendicular to the equipotential surfaces of t he electr ic field . 

These relationships provide the theoretical background necessary to 

the kind of experimental study of an electrostatic field to be done in this 

experiment: if the potential could be measured in a large number of points 

of an electric field, we could connect the points of same potential to 

obtain equipotential surfaces. Having these equipotential surfaces it 

would be possible to draw lines of force (perpendicular to the surfaces) and 

obtain the direction of the electric field. 
... 
E would point in the direction 

of decreasing V and the density of lines of force would give information 

about the magnitude of this vector. Thus, we could, in principle, study 

in detail electrostatic fields due to arbitrary distributions of charge, 

e.g., the field of a dipole, the field of a capacitor or the field of a 

charged body of arbitrary shape. 



- 240 -

III - CONSIDERATIONS OF Plc \.CTICAL NATURE 

In order to carry o . · the above outlined experiment, we immediately 

face a practical problem: :he instruments of measurement (the voltmeter 

in this case) measure potent ... al differences and not the potential at a 

certain point. In addition, r. ~ese instruments work only when connected to 

an electric circuit through wh~~h an electric current passes. They measure 

the potential diff erence throug ~1 the equation V = IR . However, i f the 

field is static there is no motivn of char ges in s uch a field and, con-

sequent ly , there is no electric current. 

A way of overcoming this dif f iculty is to simulate an electrostatic 

field . This simulat ion can be ach~eved by placing the extremities of two 

charged rods in a fine layei 

.... + of chemically treated water 

(water from the faucet). Au 

• I electric field will be es-
/ 

rods water tablished in the region 

surrounding the rods, however as the water layer will contain ions that 

will move under the action of his field, an electric current will be origi-

nated in the water. This current will be extremely weak but large enough to 

allow the use of a sensitive vo j tmeter to measure potential difference in 

the establ ished field (which will be only slightly affec ted by the current). 

With these measures, equipote1.tial !ines, which will allow the drawing of 

lines of force and provide intocmation about the field vector, might be 

determined. Attaching conductors of certain size and shape to the extremities 

of the rod that are inside the Nater, different field configurations can Le 
• 

simulated and experimentally studied. 

L 
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IV - COi:11 :LUSION 

rhe necessary equipment to simulate severa! electrostatic field 

config~rations will be available to you. Select some of them and study 

them experimentally. While performing the experiment, ask for individual 

assistance if necessary. At the end, present your results and conclusions 

to a proctor. The evaluation of this unit will be carried out through the 

presentation and discussion of these results . 

Have in mind the fact that you will not be necessarily looking jus t 

for already known results. If you choose a well-known field configuration 

like the case of t he dipole you, obviously, will get only already known 

results. But, if you select a distr ibution of charges with an unknown 

field configuration you will be gett ing new experimental results. In such 

a case, you1 results could be used to support the theory that served as 

basis of the experiment, or to provide evidences that this theory should be 

reformulated, or to establish its limits of validity • 

BIBLIOGRAPHY 

Marion, J . B. Phys i cs and the Physical Universe . John Wiley · & Sons, Inc. 
New York . 1971. 

Halliday, D. and Resnick, R. Physics . John Wiley & Sons, Inc. New York. 
1966 . 



APPENDIX XII 

RANDOMLY SELECTED EXAMPLES OF CONCEPT MAPS DRAWN BY 

THE STUDENTS IN THE GRAPHICAL ASSOCIATION TEST 

• 

- 242 -



EI.Ec~:uc 
F.LUX 

ELECTRIC 
CHARGE 

CA?A::ITANCE 

\ 
DI S?'LACl'!iENT ----1.... 
CUR.'i.ENT 

- 243 -

ELEClRIC 
FOT.ENT!AL 

CURRENT 

I 
ELECTRIC MAGNE:'IC 
FORCE FORCE 

\I 
ELECTROMAGNETIC FORCE 

EJ..ECTROMAGl:LTIC Fn:I.D 

INDUCTANCE 

Fig. XII-1. Conc~pt Maps, Student No. 27, Group El. 

AI 

MAGNETIC 
?LU X 

A2 

INDUCTANCE 

A3 



:::1ectric 
Power 

Dis?lecement 
Cu:r:rent 

Fig. XII-2. 
Capacitance 

Al 

ELECTR OMJ.GNETI C 

FIET...D 

A2 

l1agnetic 
Energy 

Inductance 
A3 

Concept 1'1aps, Student No. 28, Group El. 



... 

Electromagnetic 
Force 

- 245 -

Electri c Potential , 

Al 

Electromagnetic Field 

Electric 
l'otential 

I / 
Capacitance 

Electric 

·Electromotive --------lo.... 
Force 

C apeei ta."lce 

Electromagnetic 
Force 

Magnetic Energy 

~------------Inductance 

Displacement 
Current 

l 
' 

A2 

Magnetic 
.Energy 

A3 

Fig. XII-3 . Concept Maps, Student No. 37, Group El . 



- 246 -

I Elec-;ric Fc:.: cej 

/ 

Al 

\ 

Displacement Current 

Capa e i tance 

L_ __ ~J-_______ ) A3 

Eleetric Re sist~~ce 

Fig . XII-4. Conc ept Ma ps, Student No . 27, Group Cl. 



- 247 -

CHARGE 

1 ELECTRIC 

ELEC'!RIC FORCE 

MAGNETIC 

ELECTRIC :FLUX 

ELECT!UC POWER 

ELECTRIC POTENTIAL 

( ELECTR OMI.GNETI C FIELD ) 

MAGNETIC FLUX 

ELECTRIC RESISTANCE 

ELECTRIC FORCE 

Fig. XII-5. Concept Maps, Student No. 22, Group Cl. 

Al 

A2 



Displacement 
Current 

- 248 -

Electric 
Energy 

Induc tance 

Displacement 
Current 

Electric 
Potential 

Electric 

Al 

Electr1c 
Flux 

A2 

:Electric 
Pore e 

Reeistance ---Electr1c Power 

A3 

Fig. XII-6. Concept Maps, .Student No. 11, Group Cl. 



4!: •• +-

'*'" 

.. 

• 

IN!lUCTANCE 

MAGN:ETIC 
ENERGY 

MAGl-.Tl:Tl C 

- 249 -

ELECTRIC 
R.ESISTANCE -INDUCTANCE 

:ELECT..'t OMAGN:ETI C FORCE 

ELECTRIC· CURRENT 

H?sri~liicE ELEC'rRIC POWER 

DISPLACEMENT 
CU?JUliT 

ELECTRIC E!l:ü\G Y 

CAPACITANCE 

:FLUX i:LECTRIC FLUX 

INDUCTANCE 

ELECTROMAGNETIC 

PIELD 

ELECTRIC 
RESISTANCE 

ELECTROMOUVE 
FCRCE 

CURRENT 

}---•ELECTRIC POWER 

Fig. XII-7. Concept Maps, Student No. 34, Group E2. 

UFRGS 
n1tl tu .o de Ff .. • 

1 " ~·'Ca 

Al 

A2 

A3 



t 
A 

Á-

- 250 -

I ELECTRIC CHARGE 

I 
A /'---..::EL~E~C~TR::;Ir.;IC~~CUR:::!!:!.RE~N!:..T:...-_---~., 

I 

:ELEC'm!C FIELD 

i 
ELECTRIC FORCE I 

I 

C ELECTRIC POTENTIAL \1----1-+---1 
'----------------~J 

><l 
::> 
..:I 

""' 
L_f ELECTRIC RESISTANCE 
~-----------------o ..... 

:.: 
("' 
o 
ri! 
..:l 
ri! 

r:Eleetroo,..etie 

I' MAGNETIC 

Field------ \r--~--------, 
FLUX~~ 

ELECTRIC ENntGY I 

I '--" 

...._ Inductance 

~Electromagnetic Force 

Electric 
Charge 

l 

I 

MAGNETIC FIELD 

l 
MAGNETIC POR CE I 

I 
MAGNETIC EN:EltGY I 

Capaci tS!lce 

I 

I 

Electromotive 
Force 

~---------------' 
Displacement 
Current Electric 

Power 

Electric Power 

Electromagnetic 
Force 

Di~lacement Current 

Fig. XII-8. Concept Maps, Student No. 2, Group E2. 

Al 

A2 



- 251 -

MAGNETIC FLUI 

CAPACITANCE L\1 

E.L'ECi'RIC CHARGE 

CAPACI'r.t.NCE I ~~i~IC 
Electric Power 

CURRENT A2 

'
~ / 
~/ 

D1splacer,ent 
<> Current _ 

(I> 

A3 

Fig. XII-9 . Concept Maps, Student No. 26, Group E2. 



- 252 

Electromagnetic 
:Force 

Electric 
Current 

Magnetic 
Energy 

- --

Diaplacement Al 
Current · 

A2 

--__ ... ~ 

Fig. XII-10. Concept Maps, Student No. 13 , Group C2. 



• 

~ 
~ 

Inductance 

Capaci tance 

Displacement 
Current 

Electric Energy 

l'lagnetic Enlrgy 

Electric Power 

- 253 

Electromotive 
Force 

Electric Current 

Electric Field 

Electric Current 

Electric Energyl 

Electric Power 

Electr1c Charge I 

Ma~-netic Flu:r 

Al 
Inàuctance 

Magnetic Flux 

Electromagnetic Force 

Capacitance 

Magnetic Force 

Displacement Current 

Electric Force 

A2 

A3 

Fig. XII-11. Concept Maps, Student No. 23, Group C2. 



f ' 

~GN.ETIC ' 

M.AGN'E'.'IC 

L MAGN'::TIC FIELD 

Magnet!c Flux 

lnd:1ctance 

[ 

Magne"::ic Force 

Dis:Jlacement 
Current 

- 254 -

ELECTRIC ~~GE 

ELECTROMAGNETIC FORCE 

EIXCTRO!-'.AGN.ETIC FIELD 

E!~~TROMOTIVE FORCE 

FORCE ) 

ELECTRIC l'O'rlER 

ELECTRI C FIELD 

M~1N~TIC .FLUX ELECTRIC .FLUX 

INDUCTANCE 

E'LECTRIC RESISTA.NCE 

~-------------CAPACITANCE 

DISPLACE~T CURRENT 

ELEC'l'RIC POTENTIAL 

MAGNETIC 
PIELrl 

ELECTROMAG
~"'ETIC FIELD 

ELECT!10MO:riVE 

FO..~CE 

Capaci tance 

Force 

FluJr 

Po"'er 

Potential 

A1 

A2 

A3 

Fig. XII-12. Concept Maps, Student No. 15, Group C2. 



BIBLIOGRAPHY 
• 

. 
J 

_,, 

- 255 -



• 

' 
~· 

) 

- 256 -

BIBLIOGRAPHY 

Ausubel, D. P. Educational Psychology: A Cognit i ve View. New York: Ho1t, 
Rinehart, and Winston, Inc. 1968. 

Buchweitz, B. "A Study on the Keller, the Audio-tutorial, and the Small 
Group Approaches to Learning in General Physics Courses" (in Portuguese) 
unpublished M.Sc. dissertation , Institute of Physics, UFRGS - Brazil • 
. 1975. 
I 

Dar1ington, R. B. Radicais and Squares - Statis t ical Methods for the 
Behavoria1 Sciences. Ithaca, N.Y: Logan Hill Press. 1975. 

Dionísio, P.H. and Moreira, M.A. " Comparative Study Between the Keller 
Plan and the Lecture Approach in Terms of Achievement and Index of 
Withdrawa1s" (in Portuguese) Revista Brasileira de Fisica (Brazilian 
Journal of Physics) 2• 131-137. 1975. 

Dionísio, P.H. "The Ke11er P1an and Its App1ication in Introductory Co11ege 
Physics Courses" (in Portuguese) unpublished M.Sc. dissertation, Institute 
of Physics, UFRGS - Brazi1. 1976. 

Gagné, R.M. The Conditions of Learning. New York: Holt, Rinehart, and 
Winston, Inc. 1965. 

Gowin, D. B. "The Structure of Know1edge" Educat iona1 Theory , 20, No. 4. 
1970. 

Gowin, D.B. "The Domain of Education" unpub1ished manuscript, Corne11 . 
University. 1977. 

Gowin, D. B. and Strzepek, J. "The Far Side of Paradigma: Conditions for 
Knowledge Making in Eng1ish Education," The English Record. October. 
7-22. 1969. 

Ha11iday, D. and Resnick, R. Physics. New York: John Wi1ey & Sons, Inc. 
1966. 

• Johnson, P. E. "Some Psycho1ogica1 Aspects of . Subject-Matter Structure." · 
Journa1 of Educationa1 Psycho1ogy, 58. 75-83. 1967. 

Keller, F. S. "Goodbye Teacher. 
,, Journa1 of Applied Behavioral . . ' 

Ana1ysis, ~· 79-89. 1968. 



( 

- 257 -

Levandowski, C. E. "The Audio-tutorial Approach to Learning Applied to 
General Physics Teaching," (in Portuguese), unpublished M.Sc. 
dissertation, Institute of Physics. UFRGS - Brazil. 1975. 

Moreira, M. A. and Costa, M. E. V. "The Teacher as an Organizer of the 
Conditions of Learning" (in Portuguese), Revista Brasileira de 
Física, !· 453-468. 1971. 

Moreira, M. A. "The Organization of the Teaching of Physics in Intro
ductory College Courses" (in Portuguese), unpublished M.Sc. dissertation, 
Institute of Physics. UFRGS - Brazil. 1972. 

Moreira, M. A. "A Programmed Individualized Course: A Small Scale 
Experiment" (in Portuguese), paper presented at the XXV Annual 
Meeting of the Brazi1ian Soci ety for the Advancement of Science. 
Rio de Janeiro , Brazi1. Ju1y 1973. 

Moreira, M. A. "Comments and Observations on Two Systems of Individualized 
Instruction" (in Portuguese), Revista Brasileira de Física, 3. 
157-171. 1973b. 

Moreira, M. A. and Levandowski, C. E. "A Small Scale Experiment with the 
Audio-tutoria1 Approach to Learning" (in Portuguese), Revista 
Brasileira de Física, i· 373-384. 1974. 

Moreira, M. A. and Dionísio, P.H. "Interpretation of Results from 
Retention Tests in Terms of Ausubel's Learning Theory" (In Portuguese) 
Revista Brasileira de Física, 5. 245-252. 1975. 

Moreira, M. A. "New Approaches to Teaching and Learning in Universities" 
Trend Paper No. 3, International Conference on Physics Education, 
Edinburgh, Scotland. August 29 - September 6, 1975. 

Moreira, M. A. "The Use of the Personalized System of Instruction in an 
Introductory Co1lege Physics Course During Seven Consecutive Semesters," 
unpublished manuscript, Institute of Physics. UFRGS - Brazil. 1976. 

Novak, J. D. A Theory of Education. (forthcoming) Ithaca, N.Y.: Cornell 
University Press. 1977. 

Postlethwait, S.N., et a1. The Audio-Tutorial Approach to Learning. 
Minneapolis, Minn.: Burgess Publishing Co. 1972. 

• Shave1son, R. J. "Some Aspects of .the Correspondence Between Content 
Structure and Cognitive Structure in Physics Instruction," Journa1 
of Educational Psychology, 63. 225-234. 1972. 



- 258 -

o Shavelson, R. J. "Meth d s f or Examining Representations o f a Subject
Matter Structure in a Stud ent's Memory,' ' ~o~rna~ ~Researcl:!__i_x:! 
Science Teac h J1 g_, 1:!· 231-249. 1974. 

Spiegel, S. Nonpar~~.etric S ta tis t ics for the _!!e~vioral __ ~~iences . 

New York: McGr aw-Hill Bo ok Co. 1956 . 

UFRGS 
nstituto de Fim ... 

Biblioteca · 


