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INTRODUCTION

America's greatest advantage in providing for her pesple and protecting
her 1nteres§s is the nation's preeminence in science and in technology, which
both appliei and advances science. As the National Commission on Educational
‘Excelleuce has pointed out, this preeminence has now been placed at risk, - as
much by decaying standards and performance in our own educational system as by
intensified competition from abroad. Reinvigorating education. in science and
related areas is an enormous challenge requiring initiative in virtually every
part of the system. - The National Institute of Education—=the lead research
agency within the U.S. Department of Education—-has responded to the challenge'
by creating a new Educational Technology Center.

The Center's principal task over the coming five years will be to find
ways of using computer and other information technologies ©o teach science,
mathematics, and computing more effectively. 1In effect, the Center will seek
to bring the nation's greatest resource-=science and. technology--to the rescue
of education, and thus to its own rescue. | '

Based at the Harvard Graduate School of Education, the Center is a
consortium that includes Education Development Center; Educational Testing
Service; the Cambridge;~Newton. Ware, and Watertown, Massachusetts school
districts; Children's 7Television Workshop; Education Collaborative fur Greater
Boston; Interactive Training Systems; and WGBH Educational Foundation. (See
the Appendix for more information on corsortium partners and their "
responsibilities.)

Stated briefly, the immediate problem facing the Educational Technology
Center is the deteriorating quality of elementary and secondary education in
science and mathematics. Though pre=collegiate education in computer science,
a technology-oriented blend of science and mathematics, is in an early stage
of development rather than one of decay, its development is equally crucial.
Thus, the central question guiding ouw research wil;,be. "How can new '
information technologies be used to enrich, extend, and transform current
instructional practice in science, mathematics, and computer science?"

Given this broad gquestion and limited resources for addressing it, the
Educational Technology Center needs a res~arch framework that includes at
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least five elements: (1) a conception of the subject matter to be addressed,
(2) a conception of the :pedagogical potentials of computers and related
technologies, (3) a view of'hbw various pedagogical styles can be employed to
teach the subject matter, and (4) a strategy for identifyiﬁs the most crucial
topics for research within this fremework, and (5) a research orientation and
process for addressing these topics. The sections which follow deal with the
five elements in turn. The sixth section specifies the first set of topics
which we have selected for study and offers a brief, preliminary analysis of
these topics. . The concluding section summarizes the feedback we received to
earlier drafts of this document and explains our responses.' ' |

- This document describes work to date on the iterative process of
developing a research agenda for the Center. The research projects described

here are progressing; additional topics for research will be identified as our.
work continues. Subsequent papers from the Center will report findings from

our research and agendas for owr subbequent work. Two other documents are
currently available from the Educational Technolog. Center: cne describes our
training activities and the other outlines ow ¢issemination plans.

A CONCEPTION OF THE SUBJECT MATTER DOMAIN

We believe that focusing on physical and biological sciences and on the
uses of mathematics and the computer in the ‘sciences offers a powerful,

“integrated way of eonceiving the subject matter domain. Such an approach can -

motivate and provide a practical, concrete, and problem-oriented basis for
understanding mathsmatical ideas and acquiring mathematical skills. It can
provide an equally appropriate context for learning computing by doing

computing. .

Science, Mathematics, and Computers

In this section, we present a view of scientific knowledge which
incorporates mathematics and computing. Specifically, we propose a view of
science as vomprising three kinds of knowledge: theoretical, procedural, and
factual. Theoretical knowledge refers to models or schematic representations

of phenomena. Procedural knowlzdge includes not only "procedural thinking

-
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skills" of the sort asSoc;ated with stfucbuqed combuter programming (e.ge,
bﬁeaking a large problem up intc a set of smaller, more manageable ones), but
also a broad range of concepts and techniques involved in formulating ’
questions and hypotheses, acquiring data (e.g., observation, measurement), and |
manipulating data_(e.g.. storage and retrieval, application of statistical
techniques). As we conceive it, mathematics constitutes a major subset of
procedural knowledge. Factual knowledge is more fragmentary and remains
closer to the level of observation and measurement than does theoretical: the
sun is approximately 93,000,000 miles from the earth, water freezes at zero
degrees Celsius, and the human heart has four chambers. Clearly, there is a
complex set of interrelationships among the three kinds of knowledge, they
blend into each other in various and subtlé ways, and all three aré sub jent tb
evolution and revolution. But they remain useful categories for desoribing
scientific knowledge and for approaching the improvement of education in
science, mathematics, and computer science. .

Theoretical Knowledge

Quite spontaneously and without much self;conscioq;ness.'children and
adults try to make intuitive sense of the world around/and within them.
Children tell themselves stories about the world: "Tﬁe moon follows me
around. I saw it from my driveway, and when we got to Grandma's house, it was
still up there where I could see it." Adults also tell themselves stories:
"The sun and the other planets revolve around the earth." These stories about
the physical and biological world"may be thought of as models or schematic
representations-=sometimes diffuse and confused and sometimes '
well-defined==which people use to understand their surroundings.

Science 1is a way of improving our 1ntuitive-understand1ng of the physical
world, including the parts of it that are alive. Although it is commonly -
obscured by the sheer complexity and technical vocabulary of modern science,
there is a certain continuity from the child's self-centered model .of the
solar system to Ptolemy's earth=centered model to Copernicus' heliocentric
model to Newton's and Einstein's progressively more precise and complete
formulations. All of us reformulate our models of the world in the face of
evidence or logic that undeniably contradicts them. Scientists simply exercise
special care and skill in formulating models -nd in seeking evidence

concerning their accuracy.




.
‘Too often, however, science education has presented theoretical knowledge
as dry, technical, and specialized=—bearing no recogrizable relationship to

the familiar world of everyday experience. In ways that we shall elaborate
below, interactive technologies offer new ways to make vivid the connections

' among experience, intuition, and theoryy

Procedural Knowledge

" In the process of formulating and testing theories. scientists use
mathematics to describe the world: quantitatively, to create precise and
frequently complex models of phenomena.,and to check these models against data
taken from:observations and measurements. In this sense, mathematics may be
viewed as the handmaiden of science. Obviously, mathematics is a discipline
in its own right, a discipline of great logical beauty. But as an Educational
Technology Center designed to help the nation respond to the challenge of
international competition, we propose to emphasize the power of mathematics
rather than its beauty. That is, we propose to concentrate on examining ways
in which students may lu:arn and use mathematics as they describe, model, and
solve problems concerning physical and biological phenomena. .

| As they construct and reconstruct quantitative models, scientists rely
inoreasingly on the computer’ In this process, computers are useful-tools for
conjecturing or hypothesizing as well ‘as for storing, retrieving, and
manipulating data. To be sure, the computer is also a profoundly important
object of study in itself. But consistent with our integrated view of
science, mathematics, and computer science, we propose to emphasize the uses
of the camputer as a tool for understanding and affecting the world rather
than Ptolemaically placing the computer at the center of the world.

In addition to its instrumental uses, the computer has also made a
subtler contribution to scientific knowledge, demanding as it does a
rigorously systematic approach to problem definition and resolution. To a

P

- substantial extent, structured or modular programming embodies an approach to

problem solving long practiced by mathematicians and scientists. But

“structured programming demands an attention both to the overall arohiteoture

and to the detailed craftsmanship of thought which has undoubtedly enriched
our repertoire of procedural thinking skills. thus extending the range of
procedural knowledge properly considered part of scientific knowledge broadly
conceived,

P
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. ' In addition to mathematics and procedural thinking skills, procedural
knowledge in science embraces a profusion of concepts and skills involved in
experimentation and investigation. such as hypothesis formulation,
observation, measurement, and the like. Modern instrumentation has become
extremely sophisticated technically and i; tied up with the computer in
diverse ways. However, the fuﬁdamentai logiec of investigation remains
reasonably stable and accessible-—=an especially important point to bear in
mind in an educational context. '

Factual Knowledge

The "knowledge exploaion" which threatens to inundate us all in a tidal
wave of information has resulted in considerable measure from the application
of procedural knowledge in the context of theoretical knowledge==of
investigatory and probleme=sSolving processes employed to test theory=based
hypotheses. In physics, for example, the development of knowledge about
‘ ' _ subat amic particles has depended heavily on theoretical interpretation pf_
tracks laid down by evanescent bits of matter not ‘themselves directly
' observable. At times, the interplay of observation and revision of theory has
" N been so rapid that this "knowledge" has appeared almost as perishable as tﬁe .
particles themselves. Virtually all scientific fields are blessed and
afflicted by accelerating change in and additions to "the facts." This
sustained explosion presents an enormous challenge to practicing scientists,
to those who use scientific knowledge, and--to a quite dizzying degree--to = —_
educators.

Science, Mathematics, and Computers: Summary of Our Viewpoint

«
In summary, then, we propose to incorporate science, mathematics, and

camputing into an ihtegrated view of scientific knowledge. This view

' emphasizes the utility of mathematics and computing in the generation and
manipulatiqn of scientific knowledge. It provides a basis for illuminating
the relationship between science and everyday experience, for teaching
mathematics through pfoblem solving and the modeling of real world phenomena,
and for enabling students to learn computing by using the computer as it is
used by scientists and mathematicians.




A CONCEPTION OF THE'PEMGOGVICAL POTENTIALS OF COMPUTERS
Modes of Computer Utilization in Education

~\Hany. if not all, present educational uses of computers fall into one or
the other of two categories:, the computer as a medium or the comhuter as é '
tool. By computer as medium, we mean %Le use of the computer to convey to the
user, or to instruct the user in, some body of knowledge. By computer as tool
we mean the use of the computer to acccmplish some task for the user,
including the most significant task of creating new tools. '

(-4

. The Computer as Medium

There are:fbur.broad categories of the use of computers as instructional
medium: drill and practice, tutorials, games, and simulations.
Attempts to use the computer as a drillmaster or tutor have a rather long
history, and over 80 percent of existing educational software in mathematics'
and science falls into one’of these two categories (TERC, 1983). As a
drillmaster, the computer simply presents problems and checks answers. Mo#t
drill and practice programs constitute automated workbooks, in which the
canputer functions as a high-priced page turner. Some predeminantly &rill and
practice programs also include limited tutoring or prompting on missed
problems. As a tutor, the computer guides the student through segments of
sub ject matter, asking questions, approving correct answers.'and going back
over material not mastered. Implicit¢ in the concept of a tutnrial program is
the assumption that the program can interact intelligently with the user.
One can distinguish two categories of educational computer games: those“that
attempt to convey some portion of tiie content of some discipline (content
games) and those that attempt to sharpen the use of a cognitive strategy that
may be applicable to a variety of subject matter (process games). Increasing
numbers of games that attempt to teach skilis such as problem solving have
recently become available (e.g., Rocky's Boots, Gertrude's Secrets, Gertrude's
Puzzles)..



7

Closely related to games are simulations, which can be used in two ways:
to explore the applicability of models of the real world, and to develop
insight into phenamena that cannot be directly, or easily, observed, A '
simulaticn of the behavior of a pendulum, or one of the various simulations of
the Milliken oil-drop experiment, for example, can be compared to the
phenomenon in nature. In contrast,  programs like Birdbreed (a simulated
genetics laboratory) and Three Mile Island (1. which students "operate™ a
nhuclear-powered reactor), represent’ simplified models of complex, real
systems., ' '

The Computer as Tool and Tool Maker

There are many computer programs avallable that are designed to carry out
a specific task and require no programming on the part of the user. Such
programs are commonly used in the business world to handle such problems as
inventory control, accounts receivable, mailing lists, and telephone
directories. In education, such systems are designed to help the user solve a
particular type of problem. For example, a program may provide a graphic
representation of data derived from a particular experimental situation--like
the computer thermometer designed by Robert Tinker of Technical Education
Research Centers (TERC) of Cambridge, Mas;achusetts. which provides.é
continuwous reading of temperature as a function of time, -

There are several more general purpose, symbol-manipulating tools that
are now in widespregd use. The hand calculator is everywhere, including the
schools, and its utility is well accepted. Coming into equally wide use is a
microcumputer extension of the hand calculator—sthe spread sheet program., The
word processor, which has displaced the typewriter in many offices, is also '
beginning to find its way into the classroom. At EDC, Judah Schwartz has
developed a general purpose tool called the Semantic Calculator (SemCale).
SemCalc allows the student to use the computer to carrv out calculations
involving both numbers and the units to which the numbers refer., Schwartz and
his colleagues in the NSF-supported Dimensional Analysis Project found that
SemCalc glves students and teachers a purchase on "the word problem problem”

which neither group felt they had before.
It is as a creator of new tools, however, that the computer differs most

dramatically from other technologies, such as the textbook, the audio
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. recording, or television.'each of whieh'has-bgen used both as medium and as
tool in education. Each of us now has, or will soon have, the opportunity to
. use the computer to design a tool to fit our own perception of a task we want ‘

to perform or a problem we wish to solve.

We may have some difficulty at present in imagining how we can use such a
tool or what it will mean for our lives, Yet it is likely that a generation
from now eva'y educated person,will consider a procedural approach to problem
3olving of all sorts natural aAd commonplace, will be comfortable with many
strategies for structuring data,and representing knowledge. and will regularly
create unique tools for applying these strategies.

| What role the tool-making capacity of the ccmputgr_should play in
education today is one of a set of questions about the ends and means of
"education that are raised by the introduction of the computer ints the
classroom. We address some of these questions below.

Computer-based Education and Educational Philosophy

The computer is a Rorschach ink blot test for educational philosophy.

v The computer is so versatile, so rich in possibilities, that virtually any
view of what education is or ought to be can be implemented on it. Thus, when
many people approach the question of the computer's educational applications,
they "see" in it a realization of their own beliefs about education. Yet 1t
is important to realize that, consciously or unconsciously, we choose an
educational philosophy when we choose a certain approach to the use of
computers in education. The philosophy is not a "given" of the machine.

Most current thinking about education in America may be located along a
continuum between two polar views, directed instruction and open education.
The .two vicws constitute ideal types rather than descriptions of actual
practice in classrooms, but most educational theories and practices-=whether
camputer based or not-;may be located somewhere along a continuum between
these two views., The two are therefore useful points of reference for
discussing the pedagogical questions inevitably entailed in educational

* " applications of microcomputers. Accordingly, we shall briefly characterize
each approach and its consequences for canputerized instruction both in
general and in science and mathematics, and then turn to a third, eclectic
approach which promises to surmount the limitations of the first two by
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incorporating their complementary strengths. The third approach addresses the
need to teach all three types of scientific knowledge discussed above, -and
takes advantase of the full range of computer capabilities both as medium and

-as tool and tool maker, .

Directed Instruction

For many, "education" means formal instruction, a prccess in which
knowledge is divided into domains, within erch of which a set of concepts,
skills, and faccs more or less agreed upon by experts in the domain is

introduced to students by a teacher through presentations, assigned readings,

and exercises of various sorts. Over the past twenty years or so, directed
instruction advocates have technologized the ideal conception if not the -
practice of formal instruction in ways that bear no necessary relation to
hardware. This new conception of formal instruction emphasizes analysis of
what is to be taught into discrete elements, hierarchically arranged; .
translation of these content hierarchies into goals'and specific behavioral
objectives for students; and student progress through the hierarchies under ’

. strict teacher control, achieved either through methodical group instruction

or through individual diagnosis and prescription,

Some'varieties of directed instruction are explicitly based upon
behaviorist learning theory, which sees learning as the'acquisition of new
behaviors through guided performance of bits of benavior followed by
"reinforcement ," leading oumuiatively to complex behavioral repertoires.
Other varieties are more loosely related to learning theory. For present
purposSes, however, a broad range of diagnosticeprescriptive, individualiy
guided, and "continwous progress" programs may be viewed as variants upon the
directgd instruction approach. Although they differ from each other in
non=trivial ways, they share an emphasis on teacher control of student
progress through well-defined content domains. In this view, learning is an
additive process, and while some discretion over the rate of addition may be
surrendered to the student, the teacher clearly retains authority over its
path. '

“Directed instruction lends itself readily to implementation on the
camputer., In fact, most computer-assisted instruction amounts to the
automation or computerization of the directed instruction approach.

14
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Traditional CAI generally uses the computer in two ways, as a tutor and as-a
drillmaster. ' '

Open Education

In contrast with directed instruction's reli ance on the teacher to guide
‘the student .through metioulously specified oontent hierarchies, open education
emphasizes relatively free, intuitive explorations by the student, directed by
his or her natural curiosity. To the extent that the,teaoher structures or
directs the student's activity, it is by designing an environment rich in
materials and resources and by posing problems, questions, and ohallenges that
engage the student's interest. . . ' '

In this view, grounded in Piagetian notions about cognitive development,
children are more or less continuously engaged in attempts to make sense of
the world around them. Exposed to diverse experiences, mentally. they fashion,_;
working models of parts of the enviroment, and they try to understand ‘new
experiences in terms of these models. In fact, tuv understand something is to
assimilate it into, or see it in temms of, one of these working models. Hhen
the child notices that a new experience won't quite fit any of the models
already in hand-eor. more accurately, in mind==-the child may adjust the model.

Or, as fallible scientists sometimes do, the child may doubt or deny the |
"data.ﬂ;:So¢the-oh11d is ‘always tinkering with the models in his or her
repertoire} changing features, adding new features. or putting simple models
together to make more complicated models that match up better with his or her
‘observations.

Aﬁoentral claim of the Plagetian view of learning is that teaching
oonoepts\and skills didaotioaliy-—that is, in isolation from experience that
gives rise to an intuitive feel for the meaning of the concept or the logic of
the procedures—=results at best in parroting. or the acquisition of behaviors
empty of understanding. _ ‘ .

While directed instruction has lent itself readily to computerization,
for some time open education seemed. almost antithetical to camputer
implementation. The need to master one or more rather complex computer
languages together with the deeper concepts of orogramning that underlie them
appeared to stand between the pre-college student and the machine, thus ruling
out autonomous exploration and problem solving with the caomputer by all but a
few advanced high school students,
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te Within the past few years$ however, the LOGO group at Massachusetts .
Institute of Technology completed development of a language and a mode of
computer .utilization that make computers far more accessible, even to
relatively young children. than was possible previously. . Particularly througn
‘its Turtle Geometry capabilities. LDGO offers a powerful but easy to 1earn
camputer language appropriate to tasks and challenges. which many children
appear to find engaging. Thus, LOGO makes the "tool making" capabilities of
the computer available to children at an earlier age. The activity of
children in a LOGO classroom or laboratory is generaily consistent with open

" education principles. .

- Summary of the Polar Approaches

The differences between directed instruction and open education can be
summed . up in terms of their contrasting positions on three issues: (1) the
role of intuition. (2) the nature of learning as an additive versus a
transformational process, and (3) contrcl. Open education views an intuitive

' grasp 6? concepts or procedures as the basis for meaningful learning; directed
instruction generally ignores intuition or views it askance, as mystification.
This is partly because directed-ihstruction considers learning a process of .
adding up many bits of information or behavior, while open education sees
learning as a matter of conﬁecting new infprmation or behavior with

' pre-existing understandings and experiences, transforming both the existing
understandings and the new information in the process. Finally, because open
education sees learning as an active, transformational process intimately tied
to prior experience, it takes the position that the student should control the
path of his or her own education as much as possible. Directed inspruction
takes precisely the opposite view: the teacher should control the path, pace,
and details of the student's learning in order to ensure mastery of carefully

engineered sequences.

APPLICATION TO COMPUTER USE IN SCIENCE AND MATHEMATICS EDUCATION

Applications to computer-based instruction in science and mathematics of
both the open education and directed instruction approaches have significant
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C e ) weaknesses that derive from their extreme positions on the role of intuition,
"the nature of learning, .and the issue of eontrol.
T " On the one hand, the strong emphasis of the open education-L0GO abproaoh
' on independent discovery or invention of concepts or principles by each child
tends to exclude the teaching of important scientific ideas and facts. This
has resulted in an unfbrtunate tendency which might be carieatured in the
slogan, "Every child his own Newton." Moreover, LOGO has not generally been
used to model the physical or biological world at a11 in any deep sense. o
Rather, Seymour Papert's exposition of the LOGO philosophy as well as all of
‘the classrocm implementations of LOGO which we have observed employ the
language largely to create Turtle Graphic images which at most represent. the
world pseudo=artisticsally (e.g., pictures of houses, flowers, bicycles) and
which more commonly amount solely'to gecmetric designs, To be sure, some of-.
these images reflect significant geometric understanding and emergent '
procedural thinking skills. These are important strengths. But too seldom
has the power of LOGO been directly exploited to advance children's scientific
L understanding. Nor is there a elear gonnection betueen LOGO and the conven=
tional mathematics curriculun. i °
. ' In contrast to LOGO's focus on. independent discovery. applications of CAI
| in science education (as in other disciplines) have typically discounted the
utility of discovery, experience. and intuition. In the process, the -
iﬁportance of connecting new knowledge to what the child already knows—how
.the child already thinks about the phenomenon under study or similar
phenomena—is also discounted. A common result appears to be the partitioning
off of common sense or intuition from knowledge acquired throdgh formal
instruction.

A great challenge in science education is therefore to find beiter ways
of integrating intuition with formal instruction so that the student is .
neither left to re-create.the evolution of Western scientific thought de novo
nor tediously plied with information which sits on the shelves of the
student's mind without much affectins his or her working understanding of the
world. ‘

Another challenge is to provide all students with experience of being in
control of the computer, as well as being instructed Ly it, or using it for
routine data processing. Both individually and as a society, our lives are
profoundly influenced by our relationship'to the daminant technology of our
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cal issue in this relationship is whether on balance people initiate and -

_time, which is clearly no longer “he assembly line but the computer., A criti-

control their interactions with the machine or react to and feel controlled by

it==whether the technology enhances their .sense of efficacy or increases

‘alienation and feelings of subordination. . We believe that a student's

experience with computers will bend the_twis of this relationship.

For stu&ents whose only direct experience with computers occurs in
schools, including the poor and many 6thers; the twig may be bent in fateful
ways. Exposure to cuﬁputers exclusively through traditional CAI (and even
"intelligent™ CAI) prepares students not to take charge of the computer as

scientists or engineers do, but only routinely as do clerical data processors.,

To be sure, the society wifl need clerical computer personnel,'but Just as

that open to a broader range of careers. .
Accordingly, it is important to find more ways of enabling students to

use the computer in a manner aralogous to the way scientists and engineers use '

it: as a tool for modeling, simulation, and calculation, as well as for
storing, retrieving, and organizing data. In employing the computer for the

*latter three functions, student; need to gain experience not only with

conventional data base management progréms and techniques, but also with
"expert systems" as they are now coming into. use to aid_diagnosis and
treatment choice in medicine, or for structure and materials choices in
certain parts of the aerospace industry, , |

We should stress, however, that we do not reject'all uses of CAI and
ICAI. Many neurosurgeons in tra;ning have relied on programmed textbooks as
alds in mastering the details of neuroanatomy. Analogously, there are times
when it will be important for students to master well-defined bodies of |
factual information., At these points, CAl—the computer-based equivalent of
the programmed text——can certainly prové appropriate and helpful, As
indicated above, we intend to give special attention to uses of CAI to teach
facts and skills needed in the course of ongoing problem solving or
investigatory tasks.

An Eclectic Approach to Camputer Utilization in Education

The compréhensive approach to computer utilization in education that we

propose therefore incorporates both the LOGO-open education and CAl-directed.

instruction approaches, but overcomes the weaknesses of both. This third

TN e

| shrely all students deserve the opportunity to experience the computer in ways__3 )
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approach is designed to determine which are_hhe most appropriate modes of
computer utilization. for educating students in the different types of
scientific knowledge. The governing hypothesis of the research program we
propose is that the various moges of camputer utilization (drill and practice,
tutorials, games, simulations, and tools):are appropriate to different degrees
‘and in different ways for the three types of scientific knowledge (theoret-
ical, procedural, and factual), - N ' .
. For theoretical knowledge--understanding phenomena in terms of models or
schematic representations-=the simulation/game and tool modes appear most
appropriate. Simulations model phenomena, frequently in graphic form, and .
permit students to ggin 1ncreased'understanding of a phencmenon by -
‘ manipulating or playing with it in various ways. Such play may prove an
effective way of mastering a model, thus laying the basis for a deeper '
understanding of the phenomenon than could otherwlse be achieved. The tool R
mode-—-and here we include original programming by the student (tool making) as
well as use of software analogous to VisiCale or: VFsiPlot-—permits the student
to construct. his or her own models of phenamena. perhaps starting with very
simple models in the elementary years and progressing to quite complex models
in the late high school years. An interesting midpoint between the simulation
and tool modes would be partially formed or modifiable models which students
could complete or reconStruct.to fit observations or measurements which they
make themselves. , . ' o |

For procedural knowledge-=concepts and skills involved 1n'hypotheSis
formulationy~dbservation and measurement, quantitativé representation of data,
calculation, problem solving through modular brogramming.-and the like==at o
least three modes of computer use seem appropriate. First. tutorials may
prove useful in teaching new\Proeedures. especialfy mathematical and
measurement techniques. that qould be useful Zn solving a particular problem
or in creating or understand’ g a.model. Second, a number of games designed
to teach or exercise procedural\&hinking skills for problem solving have
recently become available commerélally. The questions of (1) what influence
experience with such games can exert upon scientific problem solving, and (2)
the ways in which they might be 1ntegratgd with the elementary school science
curriculun are intriguing. Third and finally, a wide variety of tool programs
could prove valuable for exercising procedural skills, For example, students
might use data base management programs to search specially created data bases



15

for data or factual material required ﬁo solve problems.'in the process

.learning about Boolean logic (e.g., "A and/or B.but not C') and about classic

‘search stéategies (e.g., binary search). A number of programs designed to

enable students to make and record measurements are becoming available, and

these should also be examined. - o o
It is commonplace to observe that proliferating information has rendered

obsolete the notion of education as mastery over a set body of facts. But it

certainly has not rendered facts obsolete. The challenge is to decide which

facts are .important for whom to know at what times, and to find ways of

~ helping students acquire necessaéy facts rapidly and appropriately. :'Tutorial

and drill and practice' programs may prove very useful in this context. As a
clags or small group of students study some phenomenon, a teascher might assign
one or more students to master some set of crucial facts. Simulations and

games might be used in the same way. Focr example, a simuiation might permit a- . N

student to explore the inner workings of a rocket, learning its parts, their
functions, and their interrelationships. In this sense, a schematic |
representation of a rocket would become a kind of factual enviromment for
students to explore."Finally. the datsa base'management programs and data
bases which students use to practice searching for inﬂonnation(?y employing
Boolean logical expressions would also provide.the occasion for learning facts
related to a problem or phenomenon.

Figure 1, "Modes of Computer Utilization Appropriate to Three Types of
Scientific Knowledge," presents a summary of the applications of diffgrent'

modes of computer use to the teaching and learning of different types of

scientific know ;edge.

A STRATEGY FOR IDENTIFYING RESEARCH TOPICS

. ‘ N .

The foregoing three sections provide us with a broad framework for

addressing our central question, "How can new information technologies be used
to enrich extend, and transform current -instructional practice in science,
mathematics, and computer science?" However, it remains for us to choose the v
particular topics within each subject matter domain on which research should
be concentrated. | .

i
1
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FIGURE 1. MODES OF COMPUTER UTTLIZATION APPROPRIATF. TO THRER TYPES OF SCIENTIFTC KNOWLFDGE ;
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Our strategy for choosing research topics is predicated on the notion of
"targets of difficulty." That is, in science and mathematics, certain
topics-=some narrow, some broade--seem to plague every-new caomplement of
- students who encounter them. A narrow éxahple from elementary school
mathematics is the concept of area, which students confuse with perimeter, A
broader one is the bgsic meaning of and relationships among fractions,
decimals, and per cent. Mast students eventually learn cookbook methods of
dealing with each mode of representing ratios and even for converting from one
to another, but their -understandings are fragile and break down in the face of
novel questions. A broad target of difficulty from middle and high school
mathematics is "the word problem problem." - Year after year, improving
students' ability to solve word problems appears high on the agenda of the
National Council of Teachers of Mathematics. '

In the physical sciences, examples abound. The frequently 7
counterintuitive laws of Newtonian action and reaction confuse students whose
spontaneous theories are-more Aristotelian in nature. The notion of energy
conservation through transformations is far more difficult for students to
grasp intuitively and conceptually than for them to parrot. Similarly with
the particle theory of matter. And what of a phenamenon khicn is partly
wave-=like and partly particulate? o

Examples from computer science are not yet so perennial but equally
" vexing. . The concept of a variable as a location in memory where a value is
stored--so fundamental to programming in any language--often eludes students.

At a higher level, the concept of recursion beccmes a hall of mirrors for many .

students. ,

In general we think of a target of difficulty as a kind of cognitive or
developmental obstacle, which if not removed from the learner's path, will
impede further progress. Thus, failure to grasp the concept of place value
can impede the acquisition of computational skills, failure to grasp the
concept of a variable can impede the acquisition of algebraic skills, failure
to grasp the concept of a procedure can impede the acquisition of programming
skills, and so forth. _

We offer the foregoing examples not to specify the actual topies on which
we plan to concentrate research but to illustrate the nature of a "target of
difficulty” as a persistently troublesome topic for all but the ablest
students in mathemzatics, science./or computer science. Such topics represent
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key obstacles to students' progress in quantitative and scientific damains.
These are the topics about which many people say in retrospect, "I was all
right until I got t0...." Our hypothesis is that they not only turn many
students away from courses leading to scientific and science~related careers,
but also discourage the development and use of quantitative skills in areas
outside the physical and biological sciences (e.g., business, industry,
agriculture, social ‘sciences). In a sense, therefore, they represent major
obstacles to the development of quantitative competence in the broader
society. ' '

Paradoxically, these obstacles also represent major opportunities. If we
can find ways of helping students surmount them, schools may be able to open
the path to science and mathematics-based careers to many more students,
contributing not only to individual students' attaimment but also'to the
robustness of the nation's scientific and technological capabilities, 1In this
sense, "targets of Jdifficulty" represent targets of opportﬁnity, as well,

A final reason for strategic concentration of our research on targets of
difficulty is that these topics frustrate teachers—even the most accomplished
teachers. These are the points where teachers fee) the pain and want the
help. ~Our sense is that a major difficu;ty with previous federally sponsored
efforts to improve science and mathematics education has been their remoteness
from the realities of students and éiassrooms. The tendency in development
efforts has been to take modern science or modern mathematics themselves as
the points of departure, for a group of scientists or mathematicians to define
what students ought to learn and how they ought to learn it, and to pose the
new vision as a more or less radical alternative to current practice. In many
cases,. insufficient attention was paid to whaot was already going on in
classrooms--what teachers were attempting and_ﬁhat students were learning and
failing to learn=—=and to the constraints and opportunities existing realities
implied. '

We believe that teachers learn in the same way children and everyone else
learns: incrementally, by pébgréssive transformations f:’;nd additions to
what they already know and do. Accordingly, we believe-that the starting
point for the work of the Center must be the current realities of classroom
practice, including subject matter, materials, and instructional methods.

The actual targets of difficulty on which we shall concentrate our
initial research have been selected through the agenda-building process on
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. - which we are now embarked. In each domain, we have established a working
group composed of teachers and curriculum specialists, experts from the

) relevant disciplines, social scientists, and people with expertise in
educational technologies. With teachers playing a key role, the working
groups have identified candidate topics for research. Three aspects of these
topics ‘are being analyzed: |

o the subject matter, itself

Exg;essed as simply and clearly as possible, what concept(s)
and/or‘operatioq(s) constitute the essence of the topic?

. . ‘\
Does this concept or operation appear fundamental to the
discipline, with broad_applications._or is it isolated and

narrow?

© how students misunderstand the subject matter

) What misunderstandings, partial understandings, and confusions

—

about the subject matter are most common?

o whether and how technology might be used to help students
understand it more clearly .

Is the topic amenable to treatment via the computer or another
information technology?

If so, what pedagogical approach seems most appropriate, and how.
might it be employed?

Tﬁrough this process we have identified an initial set of topics for
research that are central to each subject matter domain, troublesome for many
students, frustrating for many teachers, and which seem amenable to
technological treatment.

e
oo
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As we said in the introduction, this agenda concentrates primarily on
our principal fé;earch focus==the use of computers and othgr information
technologies to improve instruction in science, mathematics, and cemputer
science at the elementary and secondary levels. In this context, we have
stressed the primacy. of subject matter and pedagosy. with technology playing
a subordinate. instrumental role, We have also emphasized cwrrent classroom
practice as the starQing point for improvement. We have quite deliberately:
chosen not to make the,neu technology itself the starting point, nct to cast
the central questions-in terms of the potentially revolutionary consequences
of the new technology. We believe that students..teachers. and schools need
help, need it soon, and need it far more than they need visions of .
twenty-first century information utopias. 1In the past twenty years education
has had. enough of failed revolutions and manifestoes on the death of
schooling. Schools need a string of solid successes.

We do believe, however, that the emerging technologies have the
potential to transform the way all of us learn and that this potential
deserves careful exploration in its own risht. Accordingly, in a separate
component of our research. we shall be examining the educational applications
of 1ncreasing y powerful microcomputers, videodisc, microcomputers used in
concert with broadcast television, speech synthesis and recognition.
electronic networking.'teleconfereneing. and a variety of other innovations
in information technologies.- In this secondary but important component of
our work, the transforming potential of new technology will be the starting
point and central focus. Here we shall be asking not only how emerging tech= -
nologies may be used to teach better what our schools are already teaching, .
but also how they are changing the answers to the perennial question, "What
is worth l;nowing?

RESEARCH APPROACH '

To find ways of using information technologies to improve education in
science, mathematics, and computing, we are pursuing a collaborative research
approach involving practitioners, university experts from the relevant
discipiines. educational researchers, and thoughtful analysts of the role of
technology in education.

26
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Identifying topics that block students' progress and fin@ipg new paths
through these obstacles clearly requires the participation of‘brécticing
teachers. To carry out the research in isslstion from teachers and class-
rooms, or with teachers as lasteminute partners ;n testing new treatmentg. is
to repeat the mistakes of past reform efforts in the subject areas of
concern. In our work, teachers are equal partners from the outset and remain
so throughout the research process. - K -
| We hasten to add, however, that while the participation of scientists,

mathematicians, and computer scientists is not sufficient to produce useful
research results.'it‘is absolutely essential. The emphasis of our conceptual
‘Tramework on subject matter as a principal starting point for educational -
applications of technology clearly impiies a central role for first rate
experts from the disciplines. Analysis of targets of difficulty to clarify
the concepts and opeirations entailed in each requires these experts' |
participation, as does the development of technological qpplications that
embody a clear and poweriul grasp of the subJebt matter.,

Understanding students' misunderstfndings of targets of difficulty as
well as the paths through which students gat bejyond these obstacles demands’
the participation of cognitive psychologists and cognitive developmentalists.
Understanding the bsychoSocial. cultural, and sociological dimensions of
learning in the danains of interest calls for additional social scientists,
and understanding how teachers and students interact with subject matter and
technology in classrooms demands yet another set of educational and social
science perspectives. Thus, our collaborative approach includes the
participation of educational researchers from a broad range of disciplines.

Finally, thoughtful analysis of technology's role is required.

Teachers, subject matter experts, and educational researchers can make
substantial contributions here, but the participation of people with a long-
term, special inte-est in technology and education remains crucial to the
success of the enterprise.

While a collaborative research approach brings to the table the ,
resources needed to make powerful, practical contributions to education, it
simultaneously poses the problem of getting people from such diverse
perspectives to work together. There is a long history of bad communication
(accompanied, in many cases, by ill will) between university-based and
school-based educators. To a large extent this stems from the different

R'7
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cultures of the two groups, the different demands placed upon them, and the
different rewards th2y receive. But it also reflects an important difference
in the way the two groups evaluate research. To caricature the difference
somewhat , a researcher typicallyluants,to advance.theory. regardless of
whether the theory helps anyone do anything better; a practitioner is

- interested in advances which help in his or her work, regardless of whether
they correspond to theory. Each perceives the other's value system to be
cockeyed, and the common resuit is .a profoundly counterproductive division.

We do not expect to undo this history with a single center, however
important its work. We can, however, increase communication.and reduce the
. gap between researchers and practitioners in. the Center's own work. To thig
end, we have entrusted the design and conduct of the Center's research to
working groups, rather than 1nd1v1duals.'and have constituted these groups
from practitioners, disciplinary specialists, educational researchers, and
experts in technology. = - ' | .

The Science working group, for example, includes one individual who is
primarily a physicist by training, two educational resecarchers interested in
children's evolving conceptions of scientific phenomena, and eight science
teachers from School systems associated with the Center. The working groups

concerned with mathematics and computing are similarly constituted. The New .

Technologies group currently does not include teachers, but does include
their counterparts, individuals whose daily work involves the technologies in
question. |

Simply constructing such groups did not, however, guarantee
collaboration. We have taken two kinds of measures to achieve collaboration.
First, we have taken care to make participation feasible and reasonably '
attractive for practitioners<=by holding all meetings outside of school.
hours, by paying an honorarium for this work, which is beyond the call of
duty for elementary and secondary teachers, and through a variety of other
actions. The second kind of measure is easy to describe and hard to carry
out-=we have exercised patience, or at least persistence. . Through a series
of meetings, the groups have progressed from an early formality, to a
continuing substantive struggle which is marked more and more by mutual
respect in spite of sometimes sharp exchanges.' We expected that the process
would prove difficult. It has.

The procedure each group is following includes the following specific
steps:

28 - | |
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. . (1) Select members. The groups were -constituted as described above.
. ‘ Guidance from the staff of the Education Collaborative for Greater
_ ;;,3ﬁBoston and the superintendents from the four Center school systems was
" especially helpful in choosing the practitioner members.

(2) 'Hold gxbloratory discussions. Each group began with relatively
unconstrained discussions of thd‘membersf views of 1nteres£1ng
questions, interesting applications of technology, and tough subject
matter. These discussions were designed partly to begin. substantive .
work and partly to initiate working relationships among group members.

(3) Draw up a preliminary list of targets of difficulty. One of the
principal constraints and organizers given the working groups was the

S focus on targets of difficulty. Somewhat surprisingly, there was . T
. ‘ general enthusiasm for and 1little dissent from the targets of difficulty E
. approach. Both practitioners and university people resonated to the -
" notion and agreed that it pfoyided a good guide to identify research ?
. topics and a common focus fqr their diverse perspectives, The list of

candidate targets they generated was based both on the perscnal
experience and judgement of the participants and on a review of research
in the areas. '

N .
(4) Select specific targets for initial projects. Selection of targets

on which to focus our initial research projects was based on the
following criteria: (1) how fundamental the topic is within its.field,
including the extent to which mastering it is essential to continued
progress, (2) how wi&espread difficulty with the topic seems to be, (3)
how praminent it is uithin'the present and anticipated curriculum o>\§he
schools, (4) whether practitioners and university people agreed on the

' importance of the topic and wanted to participate in research on it, and
(5) whether the topic seems to be amenable to technological treatment in
any of the pedagogical styles here de;cribed in the foregoing conceptual
framework. Obviously, applying thesevcriteria involves considerable
exercise of judgment. As a result, fierce debate has frequently marked
the selection process. Yet we are now quite confident of the topics!'




S i‘:‘-:'q‘v_)‘“'f‘

23 * a

importance and of the working groups' ability to find new ways of
attacking them using information technologies,

(5) Form subgroups'tonanalyze_the topics in greater depth and propose
: research plans. For each selected target or target area, a subgroup

involving both university people and practitioners was formed. The

first order of business for each subgroup was to analyze the target in

some depth, from a disciplinary point of view, from a cognitive

developmental point of view. and from the point of view of the classroom

teacher,

At this point, the work of the subgroups has begun to diverge. On some

" topics, considerably more analyiic work is required. On others, the outlines
of a pilot teaching and learnihg experiment'have emerged quite clearly. On
still others, a search for rélevant educational software seems the best next
step. The appropriate steps and plans for attacking each target are
dascribed in reasonable detail in the Initial Research Projects section,

below.

There are, however. some 1ssues‘hqg themes in terqs of which we can
characterize the projected research. First, it will continue to be _
collaborative. All research subgroup;.§§ll include both university people
and practitioners, and each will have access'toftﬁe'full range of subject .
matter expertise, classroom experience, social science specialties, and '
expertise in technology. - ‘ '

“econd, the research will be dene mainly in two contexts. We shall be
studying the interaction among student, teacher, subject matter, and
teéhnology at the level of the single student in the laboratory or other
1solated setting, and we shall be studying this same. set of interactions in
the real world of the classroom.\ While most of our work will require
considerable preliminary exploration in the laboratory setting, quusins
largely on human factors and software design questions, we shall always move
as quickly as is reasonable to research in real classrooms.

Third, while we shall employ the broad range of methods described below,
at the heart of our work will be teaching experiments—--or perhaps more
accurately, teaching and learning experiments--that involve attempts to break
through difficult topics in the damains of interest by using informmation
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technologies. That is, the typical study at. the Center will involve one or

more teachers using some combination of hardware and software to teach
specific subject matter in a new way. - B
A final way of characterizing the projécted research is in terms of the

range of major researchhtechniques we shall employ and the phasing of these
techniques. - The first three techniques listed below are particularly suited

to preliminary laboratory studies. The next two use what has been learned in

the laboratory to guide efficient research in the classroom context. The
last two techniques, which involve input-output analysis. come into play. only
when less structured work is complete. Specifically.,thg techniques are
these: s |

A. Unstructured observation. This involves a researcher paying alose
attention to what a student does and -says while working with the technology.
There is no attempt to code behavior into_predetermined categories; the
researcher does, however, take notes on the student's interaction, and it ia

. sometimes useful to videotape the session for later structured analysis.

" B. Unstructured interview. This generally accampanies .unstructured:

observation, since it is neither easy nor rsalistic to ignore a student's or

teacher's discussion of or inquiries about what he or she is doing..
C. Microbehavioral analysis. This involves detailed recording of

students' interactions with the technology. Three such techriques are

increasingly common: keystroke recording, which provides a detailed record
of what the student actually did with a microcomptuer (or other technology
controlled by a microcomputer); time study, which provides a record of the
time the atadent spent on each part of an interaction; and attention study,
which provides a detailed analysis of what the child was actually looking at
on the video screen. The last has proven enormously effective in formative
evaluation of television_materials. following the pioneering efforts of
Professor Barbara Flagg and her colleagues at Harvagd.

D. Structured observation. This ordinarily réllows analysis of
preliminary hypotheses emerging from unstructured.o§servation and interviews;
the object is to search for specific behaviors so that they may be counted or
correlated with other behaviors or.the stimull emerging from the technology.

E. Structured interview. Hypotheses about student-technology_
interaction generally presume that the student's behavior stems, in part,
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from his or her conscious reaction to the tool or material involved.
Unstruc%ured interviews often fail to elicit this information, since the _
.child may be more interested in commenting on thé novelty of the technology,
';n asking questions, or in discussing the subject matter at hand. Structured
1nterv1ews make sure that certain questions gét asked, but the cost—eand: |
reason they generally follow unstructured research—-is the imposition of the
'researcher S hypotheses on the conversation.

F. Cognitive input-output analysis. This comprises the traditional set
ot'tgsting and stat;stical techniques for evaluating the difference between
uhét a child knows before and after interaction with educational technology..

'_ "G. Procedural input=-output analysis. Much educétional technology 1is
said to have more. of an effect on the way children épproach‘prpblems than on
their current accumulation of knoﬁledge. This presumably translates into:
increased knowledge in future work, but it would be useful to have some
1ndication of this effect soon after exposure to the technology.

Through the- process outlined above, we expect to produce four distinct

v
.

. types of outcomes:

. | (1) new insights lpout the uses of tecﬁhology in teaching seience.'
mathematics, and computing--expressed in a series of topical papers and
cross-cutting analytic papers, ' ' '

| (2) effective new strategles for using harduarq and commercial or

original prototype software to attack'specifie targeﬁs of difficuliy-—

¢ expressed in detailed descriptions of how we have usép the software in
laboratory and classroom settings as well as the assoTiated research results,

(3) a set of specific "esign attributes", or defirable features fbr
software in various pedagogical styles designed to oonyey knowledge of
different types (i.e., procedural, theoretical, factua}) in the domains
addressed by the Center=—expressed in technical reportﬁ of interest to
software developers, publishers, and practitioners choosing software, and

(4) wultimately, an integrated theory of instructional design concerned
with the use of emerging technologies to teach science, mathematics, ana
canputing—expressed in theoretical papers issued as sufficient new knowledge
accumulates to warrant efforts at integration,
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The next section specifies the targetslof difficulty we have chosen to
_ attack first and describes how the research techniques enumerated above will

be.employed'in-eaoh research project,

INITIAL RESEARCH PROJEFTS}'

The first three sections .of this ohapter present the initial research
projects that the Educational Technology Center will perform under Task 2 of
its contract (exploring the ways in which technology can help to improve the
learning and teaching of science. mathematics, and computers in grades K=12),
The fourth section describes the work that will be conducted for Task 3, -
exploring the educational potential of emerging technologies. '

Each of the initial research projects examines a torget of difficulty _'
identified by one or more‘of.the working research groups. Some of these
initial projects will use technology in central ways. Others will use
technology in only incidental ways during these initial stages. '

The nine initial projects are as follows: '

SCi

CNCE .
.a study of students' conceptions of heat and temperature and the

distinction between them,

-a.8tudy of the growth of the concept of matter as distinct from the

concept of object,
a study of the process of hypothesis formulation,

a study of the manipdlation of complex systems,

MATHEMATICS

a study of how students understand and use fractions and decimals to
represent continuous quantity,

a study of students' understanding of the structure of word problems
and the similarities and dissimilarities &.ong them,

COMPUTERS

a study of naive users' functional mental r.odels of computers,.

a study of the cognitive difficulties in learning to program and the
transfer of cognitive skills acquired in a programming domain to
other domains, _

33
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.a study of'the pedagogic problems in teaching the use of word

processors, spreadsheets, and data bases and their potential use &s

tools in other parts of the elementary and secondary curriculum

There are 1mportant reasons for the choice of each target of difﬁ{/ulty.

There is, in lddition, a coherence among them, We shall present a brief
discussion of the rationale for the choice of each of the targets iy the
detailed descriptions of the 1nd1vidual projects that follow. At t e end of AN
the sections on science, mathematics, and computers, we shall tocus én the .
thematic ceherenee among the set of projects in each domain. ‘ . o

Science

One 'way of thinking of the content of elementary and secondary science
subject matter asross the grades and across the disciplines is in terms ot°
the study of matter and the study of energy. The first of our studies, on
weight and density, deals with the intellectual precursor to the develcpment
of a theory of matter.. The second of our studies, on heat and tempereture{
deals with.an attempt to understand issues of energy content and energy
transfer. - . , e 7
. The third and fourth 'studies. in the area Ar science are inquiries into
two aspects of scientific process and method. The third concerns hypothesis
formulation and testing. The fourth study will be an inquiry into the
motivational aspects of students' manipulating realistic simulations of
complex physical and biological systems, as opposed to the oversimplified and
idealized systems that are ordinarily studied in the sc;ence curriculum.

Weight and Density

The Problem .

In order to understand contemporary theories of the composition of
matter, a student must come to understand the periodic table of the chemical .
elements and gpmething of the rules that govern the allowable and non- '
allowable combinations of the elements into compounds. .

There are several quite distinct and complicated ideas that need to be
understood in order for a student to reach this level of understanding.
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These include the particulateness of matter (i.e., thao it is made up of _
discrete particles and is not continuous), as well as the fact that there is

'a rather limited number of‘elementary materiale. called elements, from which

all matter, from fish.to integrated circuits, 1is composed

-In order to understand these ideas, a student must have the notion that".

there are properties of matter that do not depend on the shape and size of
the "stuff" in question, but only on the kind of "stuff" it 1s. It is this
necessity that brings us to the study of ‘the problem of children's
understanding of density. _ c ' '

The density of materials is the first physical intensive quantity the

child is expected to think about in terms of an underlying model. Clearly it

is related to but distinct from the weight of an object made of the material
in question. Similarly, it is related to but distinot from the volume of an
object made of the material 1n'quesiion. ‘The density of a material is a

property of the kind of. materials and not of the size or shape of the object

into which it 1is fashioned. " Lo

In addition to being important as ‘a cuncept in its own right, density

‘and 1ts relation to weight and volume raise several importaht problems for

science education in the elementary school years. These include: -

the degree to which scientific concepts are and/or need to be embedded
in theories,

the differentiation of closely related constructs,

the understanding of models, and

the understanding and reliable manipulation of intensive and extensive
quantities.

The Proposed Research

The proposed study is designed to explore the reasons that students find

the concept of density so difficult, and to devise instructional materials
that may alleviate some of these difficulties.

A series of pre-tests designed to diagnose students' concepts of weight,




density, and maﬁter are now being designed. These pre-tests.use'hands-on
materials in the form of}blocks of materials of various kinds and volumes.

“\\\‘ Such stimuli have the property that the two.extgnsive_quantities

1nvol§cq‘(1.e.. weight and volume) are perceptually detectable and apparent.
The pertinent intensive quantity (i.e., density) is not. It must be inferred

e

~.

from the other two. In.ordkr to move toward a set of teaching materials that‘,\ 

 will increase the sensitivity of the student to the relevant intensive

quantity, we propose to make use of two model systems.
The first model system is a computer display of.shapes formed by dot

‘textures of various densities. In such a system, the two relevant extensive(
_quantities (i.e., total number of dots and the area of the shape) are

perceptually accessible, as is the relevant intensive quantity (i.e., the
number density of the.dots). o a ’

The second model is a set of ver!”l1§b£.§t¥nof _aques~ﬁiiﬂaarea |
lattices of steel ball;bearingsﬁéﬁggaded in them. These plaques,cqﬁSti;ute
both a physical model of the computer model system and, at the.sam; time, a
model of the original physical system. :

We anticipate that a set of instructional activities that deliberately
and strongly accentuates the correspondences among these systems (any "
question that can be posed in.one has a unique image in each of the others)
will serve to ease some of the difficulties now present in the teaching and
learning of the concept of density. '

It is somewhat difficult to anticipate exactly what grade levels will be
most appropriate for the conduct of this study. If we limit the tasks to
ones that can be addréssed qualitatively, then it is likely that the middle

elementary grades will be most appropriate. However, the problems posed with

both the physical system and the two model systems can become rather subtle
in quantitative ways. Our present plans call for piloting the materials in
the spring of 1984 in several different grades with the aim of sharpening the

tasks and their appropriateness to the grades with which we will be dealing.

Heat and Temperature

The Problem

Any interpretation of the task of educating people to scientific and
technological literacy must include the need to impart some understanding of

the concept of energy and its storagg and transfer,

ern o e ot el e e e e e
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So far as we know, all energy transfer within and among chemical,
electrical , mechanical, biological, geological, and other sorts of systems
involves matters of heat and'temperature. Our perception of time as flowing
" in one direction is linked in a deep way to fundamental thermodynamic notions
that emerge directly from the concepts of heat and temperature,

'~ Teachers universally report that the concepts of heat and temperature -
are difficult for students to learn. Even after substantial instruction at
the secondary level, many college students cannot adequately distinguish
between these quantitiea.’

The physics of heat is the first contact the student has with phenomena
of energy transfer, an issue of paramount importance in the study of physics,
chemistry, and biology. A clear understanding of the two concepts and the

difference between them is of central importance to subsequent science and
s

-

learning.

The-Prqposed Research

The proposed study is designed to explore the reasons that students find
the concepts of heat and temperature and the differences between them'so
difficult, and to devise instructional materials that may alleviate some of
these difficulties. o \

A series of pre-tests designed to diagnose students' spontaneous
- concepts of heat, temperature, anq the néture of thermal phencmena are now
being designed. These pre-tests.awhich w}ll also be used as post-tests, will
explore whether the novice's conceptualiz@tion of thermal phenamena is
similar, perhaps even identical, to the c|nceptualization held at earlier
times in the history of science. If this’'is true, it is likely to help us
understand better the intellectual resistance of students to the science
being taught them, /

Understanding the distinction between heat and temperature is but one
example of the problem that students have in differentiating related but
quite distinctoconstrucps. Examples abound. Here is a short list of
confused related concepts:
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atonic weight/atomic number

weight/density
"ueight/mass

heat/temperature

electric potential/electric potential energy

force/momentum '

work/ power .

We believe that some of the insights gained in the context of helping
students to distinguish heat and temperature may shed light on the more
general problem of helping students to distinguish related and distinct
concepts, wherever they may occur in science (or elsevwhere).

Following the examination of students' naive conceptualizations of"
thermal phenamena, we will carry out a specific course of instruction using a
set of specially designed 1nstruétioqgl materials, including special purpose
hardware (temperature probe, heat fidw probe, programmable heater) interfaced
to microcomputers that will give the student direct phenomenological access
to both heat and temperature in ways that clarify the difference between

14

~y

them.
The first set of experiments is intended to familiarize the students

with the three interface devices. Subsequent experiments will deal with

making measurements of temperature rise as a result of the addition of fixed -

amounts of heat to different volumes and different kinds of materials.

Another series of experiments will deal with cooling and heating and the

insulating properties of materials. This is a particularly interesting area
of inquiry because students' naive "two fluid" models of thermal phenomena
(flow of heat, flow of cold) are often adequate to explain observations in
this particular domain. '

Experiments on phase change and the latent heats associated with change
of phase 1s another set of experiments that can be carried out with the
interface devices under development.

A final series of experiments will deal with endo- and exothermal
chemical reactions and the .interconversion of chemical and thermal energy.

We plan to explore students' naive conceptualizations of thermal
phenomena at a variety of grade levels, ranging from middle elementary to
late secondary. It is clear, however, that same of the planned instructional
activities can only be carried out in a quantitative manner appropriate in a
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secondary school setting, while others that can be presented in a more
qualitative fashion might well be appropriate in the upper elementary grades,

The Formulation of Hypotheses
The Problem

Formulating hypotheses and testing them.against the phenomena one
observes are, in many regards, the heart of the scientific enterprise,
Students, however, are given little opportunity either to cérry out or to
reflect on this process of formulating hypotheses. They tend to be taught
and to learn the facts and even the theories of Science with little
appreciation of the means by which the phencmena aré observed or the theories
are developed. Many processes play a role in scientific method, and some,
-such as classification, have been studied to same extent. Yet, little
attention has been directed in a formal ﬁéy to the study of how people
formulate hypotheses. It is clear that if we are to improve science and
matheﬁatics educqtion. we must, in the long run, understand this issue
better.

The Proposed Research ' . | -y

In this study we propose to give students direct experience with
scientific method by having them construct and refine theories based on their
-own observations of natural phenomena. We will do this in several |
tréditional scientific domains as well as in a nontraditional one, linguistic
theory. '

Linguistics, in addition to being a study of a body of natural
phencmena, is also a study of an aspect of the human mind. We know that
people's knowledge of their language is stored in their brains and that we
cannot observe it directly. We do observe speech--and on the basis of the
observation of speech, we try to construct theories of language. This is
precisely what is done in all science—-if some objec: or process is not
directly observable, a theory, or model, is constructed with the aim of
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generating the behavior observed in the system under study. The theory is
~ deemed successful to the extent to which it can account accurately for this
behavior, | |

The person who studies his own language in an attempt to formulate a set
. of hypotheses about its structure is in one respect better situsted than many
others who are engaged in scientific inquiry. Such a person does not need

much equipment tq'collect the data he studies—=he has in his head a knbwledger-

of his own language. He observes his own speech and the speech of others.
As part of the study we intend to undertake, we propose to develop a

curriculum wnit for junior liigh school or high school in which students and

teachers use their own language as data and work out principles that accdunt

for observed utterances. They will construct hypotheses, test them, look for )
counter-examples, and revise their hypotheses unt 1l they fit the data and can”

predict accurately.

This will be done in parallel with similar hypothesis formulating
activities in other damains. Another damain under consideration involves
some of the tasks used in classical Piagetian research to explore the
developmental transition to formal operations, such as the study of the
‘relevant 1ndependent and dependent variables necessary to account
successfully for the motion of -a pendulum. *

There are several possible model systems that can be ‘instantiated on a
microccmputer that can also stimulate people to reflect on their hypothesis
formulation. These include a variety of sophisticated rule-inferring games,
such as the microcompﬁter program called King's Rule.

We are developing and assembling the materials necessary for this study
and plan to pilot some of them before the end of the spring 1984 semester.
We belive that the material will be appropriate to students in junior snd
senior high school. We are particularly interested in seeing whether an
effort of this sort helps to clarify the nature of the scientific method to
students and teachers. We hope to determine whether such materials and
- activities are realistic'and. if successfully carried out, can enhance

students' understanding of the processes of science that they encounter
elsewhere in the science curriculum, '
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Manipulating Complex Systems
The Problem

There are several interesting reasons to explore the manipulation of
simulations of complex systems. First, such systems frequently have
sufficiently rich phenocmonology that the explbration of the system leads to
constant surprises and the continuing unfolding of nuance. Second, complex
systems are of interest because students who are not engaged by the pristine
" and sbarse models of traditional science curriculum may well find themselves
attracted to the subject if the systems they are asked to study are
"realistic" enough.

Finally, there is an important implicit lesson to be learned from the
study of simulatiqns of complex systems. No simulations capture the full
complexity and nuénce of .the system beinz simulated. Every simulation is, in
a real-sense. sameone's model of how the system in question is structured and

how it functions. As computers make the use of simulations more and more
commonplace, it seems to us important to understand how students understand
-the fact that simulations are models and not reality. Nature and simulations
of nature are inevitably, ultimate;y discrepant. And when there is a
descrepancy between nature and a model of nature, students ought to learn
that nature is.tryins to tell them samething about the models they are .
building and using. |

The Proposed Research

The subgroup of the science working group that is planning this study
has not yet reached closure on a design. What follows is an outline of the
planned inquiry as it stands at the time of this writing.

The state of a complex system at some instant in time can be described
by specifying the values of the levels of tliose elements in the system that
are essential to its characterization as well as the time rates of change of
the levels of those elements. If one has a complete specification of the
levels of the important elements of the system, their initial values, and
their rates of change, one can generate a mathematical procedwre for
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calculating the subseqpent behavior of the system in time., Most dynamical
. simulations have this underlying mathematical structure.

Fortunately, there exists a programming language called MICRODYNAMO,
implemented on microcamputers, that makes the writing of simulations with
this structure quite straightforward. We plan to use MICRODYNAMO to write
two or three simulations of differing complexity. ° -

One of these simulations will be of a system S0 ‘complex as to be
unexplorable by the student in the classroom, or even in thé accessible
environment. This simulation will also be incompatible with the timé scales
of a single human 11fé. not to mention the time scales of the school year. A
simulation of an ecological system containing several species with widely
differing life spans and inhabiting a spatial region is an example of such a
system,

A second simulation will model a system whose size and time frame are
manageable enough for the system itself to operate right next to the
microcomputer running the simulation of the system. A system of coﬁtainers
that water flows into and out of at controlled rates and that has in addicion
some explicit feedback mechanism is an example of such a system. Such a
simulation permits exploration of the correspondence between the Systém
itself and the simulation of the system. '

Our present plans call for the design of these simulations in the.spring
1984 semester, and the writing, debugging, and piloting of the simulations
with junior high school student: in the fa;l of 1984,

Cross Cutting Themes In The Science Targets Of Difficulty

Analysis of the targets of difficulty identified by the working groups
(not all of which will be addressed by the initial research projects) reveals
same recurrent congceptual issues. Here we discuss some of the issues fb; the
science area. As our work progresses, we expect other cross-cutting themes
 to «¢merge. These should help us uncover the rocts of our targets --
»gonqqptual. cognitive, and pedagogic -~ and point out the relevant features
of strategies for overcaming such difficulties in the classroom.
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Intensive and Extensive Quantity

-~

~The difficulty that students have with concepts such as density.
velocity. and temperature can be seen as instances of the problems of
understanding intensive quantity. It is possible to have a material with a
“density of 3 grams/cc yet to have neither 3 grams of the naterial nor a
cubic centimeter of the material. Similarly, it is possible to travel at 30 :
miles/hour without traveling 30 miles and .without traveling for an hour. '
Mureover, the arithmetic of intensive magnitudes differs from the
arithmetic of "ordinary" quantities. If one has two blocks of our 3 gm/ce
material, eaip of which has a volume of .10 ec and therefore a nass of 30
. grams, and one puts the two plocks\togethér. one has.a combined block with a
mass of 60 grams, a volume of 20 ce, but a—:lnsity of 3 grams/cc. Similarly,
if you combine 30 gallons of 30° water with 20 gallons of 20° water, you add
the volumes, but calculating the temperature is not so simple.
The research of Strauss, Stavy, Quintero and others shows that .this

difficulty with the understanding: and manipulation_of intensive quantity is.
both widespread and commonplace. It manifests itself even in the most

primitive quantitative property. order.

The ordering difficulties that students encounter with intensive
quantity can be understood in the followins way. Consider a quantity,
symbolically denoted by

a’b (a,b > 0)
The quantities
(a+x)/h, a/(b=y), (a+x)/(b=y), X, y>0

all are larger than a/b. That is a conclusion that can be arrived at without
computation. Similarly the quantities

(a=x)/b, a/(b+y), (a=x)/(b+y) X, y» 0

are all seen without computation to be smaller than a/b., However, the

quantities

e S
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(asx)/(bey) and (a=x)/(bey)  x, y> 0
cannot be ordered,with respect to a/b without computation.

Moreover, the difficulties that students have with intensive quantity
that are reported in the literature on research in students' acquisition of
scienoe concepts are exactly.those that mathematics teachers have been '
' struggling with for generutions under the rubric of "ratio & proportion".

We see students' difficulties with heat.and temperature, molarity -and
concentration, density, velopity and acceleration (and incidentally. with
many fractions in mathematios) all as instances of the common underlying
" difficulty of manipulating intensive quantity and confusing intensive and
extensive quantity. -

Extending The Perceptual ApparaiJs

Some of the difficulty that students experience in modeling physical
phenomena fon themselves or in understanding scientists' models appears to
result from problems of soale in space and time. Molecules and atoms are far .
too small to be seen. Light travels so fast that many children are puzzled by
the question, "Is there any light between the lamp and the book you are
.reading?" At the other end of the scale are the distances between stars, or
. the times involved in geological folding and faulting. There is a mismatch
between the distance and time constants of these phenomena and the human
perceptual apparatus,

We easily discern times of the order of tenths of a second to tens of
‘millions of seconds. We discern with our unaided eyes distances of the order
of tenths of millimeters to thousands of meters. ‘We have davised a wide
range of tools to help us move out {rom these constrained ranges, both
spatially and temporally.' Microscopes allow us to peer at the small,
'telescopes at the distant. High-speed cinematography allows us to stretch
time, time-lapse cinematography allows us to compress it,

As we move away from the comfortable ranges of our perceptual apparatus
it becomes harder and harder to think of entities as having meaningful
structure and processgas as having meaningful temporal extent. For example,
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it 1s not surprising that a particulate theory of matter 13 not the sort of
naive theory of matter children build. Why should they° Their senses do not
tell them that most of matter is empty space. Nor is it su.prising that
young people think the earth always looked as the earth looks now.  After
all, when one goes to the beach there does not seem to be any evidence of the
continent drifting. lf

From Percept To Concept And Back

There is another kind of extension away from the perceptually
comfortable that 1s necessary in the study of science. Frequently, percepts
are too rich'to build simple models of. Even in a damain as easily available
to the unaided senses as the dyﬁamibs of'kiékins a tin can about a '
school yard, our perceptions are too rich to allow us to build clean
conceptual models of un&erlying mechanisms. It seems to be the case that the
velocity of the can is in the direction of the espplied force, but not qutte.
Only in the world of abstraction, in which friection is absent does it become
apparent ‘that it is the change in velocity that is in the direction of the
applied force. The simple law relating force and acceleration becomes
available oniy after we depart from the perceptually-ccmfbrtable_in the
direction of abstraction. ) '

The building of easy bridges between percepts and..concepts-is one way of
characterizing the linked activiﬁies of learning and teaching science. Our
science research projects are all designed to examine ways in which
technologies may ﬁelp students build such bridges.

Mathematics

In the'deliberations of the mathematics working group, there was ‘
vigorous discussion about.a variety of poSsible targets of difficulty. Both\
practitioners and academics agreed enthusiastically gbout the need to invest
a great deal of effort at the outset in attempting to understand two
particular targets of difficulty: the problems of fractions and decimals and
the problem of word problems. '



Word Problems -

The Problem
From the classroom perspective, there is no part of the mathematics
curriculum that is harder. for teachers to teach and students to learn than

solving mathematical "word pfoblems." Although mastery of computation seéms'f

to correlate uith word problem solving skill, there is ample evidence to
support the belief that such mastery in itself is not sufficient to assure
. skill in-dealing with word problems. »

Fromd:ﬁ! perspective of mathematics as a discipline, the problem of word
problems is the problem of modeling. How does one decide which elements of
_ one's surround are pertinent to the set of possibie quantitative
relationships that can be asserted about the situation in question?

From a cognitive developmental perspective, the problem of word problems
is the problem of recognizing prototypical situations for which a given tool:
is appropriate. In the specific c¢ontext of word problems this means

recognizing, for example, that some form of addition/subtraction is likely tbi'

be useful in quantitative comparison situations or that multiplication (as a
Cartesian .product) is likely to be useful in the context ‘of assessing numbers
of combinations.

The Proposed Research

The central thesis of this inquiry is that an essential difficulty

standing in the way of developing word problem solving skills is a deficiency
in recognizing appropriate correspondences between prototypical situations

and useful mathematical sets of operations.
To explore this thesis, we have designed a three-stage teaching

experiment, The stages are:

Collect student-formulated word problems. The probiems will be
classified and the categories mapped against several different taxonomic
schemes for the classification of word=problems.

46
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We anticipate that the pattern of student-formulated word problems wiil
not be uniform. For example, we believe that many cause/change
addition=-subtraction problems but relatively few comparison problems

will be formulated by students, that many "rate" multiplication/division -

problems but relatively few combinatorial or "related rate” -problems
will be formulated. .

Having identified those situational settings for which the

gppropriateness of sets of mathematical operations is not particularly -
evident to students, we will seek to devise teaching materials and

technliques to make. those sets of situations more familiar and thneir
structure more apparent. '

If this effort 1s successful, it shbuld be possible to detect a change
in the overall word problem solving skill of students as well as in the

‘pattern of situations they recognize and spontaneously offer as examples of

settings corresponding to useful sets of mathematical opeéatibns.

The preceeding analysis is relevant to situations whose mathematical
encoding is a "one step" problem. When one enoountérs problems of greater
complexity, there is a further complication. This complication arises from
the now=explicit planning camponent 16 the problem Solving process. There
seem to be students who have no difficulty recognizing and using any of the
semantic correspondences discussed above, who nonetheless are unable to
design a solution to a problem that involves concatenating sevefal such
steps. _ ' h

This spring we will carry out a pilot study to clarify which aspects of

" the word problem problem are dominant at which grade levels, giving us some

insight about where to shift attention from (a) the choice of operations
appropriate to different mathematical situations to (b) the planning '
component of the problem solving process.

In the course of this inquiry we will use microcomputer software that
focuses students' attention on the situation being modelled and relieves them
of the necessity of carrying out the arithmetic operations necessary to solve
the problems they are working.on. '
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Fractioni and Decimals

1

The Problem

| From a classroom.perspective the problem of fractions and decinals is a
problem of teaching a symbol system (e .g., decimal point, fraction bar), a
complicated set of notational schemes (i.e., numerator and denominator. place

value notation for both positive and negative powers of 10), and
computational algorithms within those notation schemes.

From the perspective of mathematics as a discipline, the problem of
fractions and decimals is the problem of quantifying continuous quantity, and
devising a symbol system and a notation 'scheme ‘that encodes that '
quantification. _ ,

Finally, from a cognitive developmental perspective the problem of '
fractions and decimals is a problem of reliably mapping the perceived
properties of the continuous quantities being described onto the symbol
system and the notation scheme. And vice versa.

Most researchers who study quantification at-very early ages believe
" that children's earliest quantitativehexperiences are with counting. The
British developnental psychologist Peter Brygnt takes exception to this view.
He argues that the earliest quantitative experiences that we have are with
continuous rather than discrete qpantity. ~Houever. e#en Bryant is willing to
grant that these early experiences with continuous quantity primarily involve
the order properties of the quantities only and not any of the metric
properties. : )

Many children arrive at school with the rudiments of counting already in
place. The extension of the counting (whole) numbers to fractions and
decimals involves introducing the concept of continuous quantity as an entity
with metric properties., This is a profoundly new idea that is almost never
dealt with in adequate detail. In support of this hypothesis, it is
sufficient tc note that it is the most primitive property of this new kind
of quantity, i.e. its order property that gives the most tronble. (Which is
larger, 3/7 or 4/10? ,01 or .009999?) The problem of attaching size to a
continuous quantity, is in our view, an issue at the core of the difficulty
that children have with fractions and decimals, the two most common
representations of the extension of the counting numbers to measuring

numbers.
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One of the reasons that both fractions and decimals are hard to teach
and to learn as representations of "the numbers between the numbers" is that '
there is no obvious 1nf1n1tude of numbers between any two fractions or
between any two points on a line. To be quite specific, given two points on
a line, say XO and X1, it is straightforward to imagine a point X2 hal fway
between them, and then a point X3 halfwaj between XO and X2, and then one
hal fway between XO and X3, etoc. Clearly, this process can continue without
end. On the other hand, is it so clear that a similar process is possible
with the two numbers 3/7 and 4/9? S

The problem is compounded ‘when one begins to consider operations on
. these numbers between the numbero. Metaphors and mental models which were !
adequate for operations on whole numbers are no longer adequaté, Indeed,
~ they may be misleading. Consider, for example, the mental model of
multiplication, which, in the domain of whole numbers olweys implies a
product at least as large as either of the fsactors. Similarly, oivision. in
the domain of the whole numbers 1mplies'a quotient which is smaller than the
number that was being "divided up". -Robert Davis of Illinois reports once
being told (by an adult) that 1/2 could not be divided by 173 because "1/3 1s
bigger than 1/2",

?he Proposed Research

The central thesis of owr inquiry is that the notion of "between-ness",
so evicent in the perception of continuous quantity, is neither evident nor
even salient in the symbol systems and notation schemes used to describe
continmus quantity. R

In order to study this notion of "between-ness", we believe that a
mixture of "hands-on" and microcomputer based activities would be
particularly helpful, We have designed a four-stage teaching experiment to
explore the validity of the hypothesis. These stages are:

Explore "between-ness" as a notion in the context of ordering integers.

Have students make and use fractional and decimal rulers of as many
sorts as are feasible with paper folding strategies. In the course of
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this activity, we plan to pay particular attention to the problem of
- equivalent fractions, ' '

"Instantiate the ruler-making activities of step 2 on microcomputers and
extend them to cases not possible .using paper folding techniques,

Examine the understanding of "between-ness" within the notation systems
for fractions and decimals using a series of microcoamputer based games
that depend on the order properties of decimals and fractions,

We have reason to believe, on the basis of teachers' reports, that this :
effort uiil be appropriate not bnly in the grades in which fractions and |
decimals are first taught, but in late elementary and éarly secondary grades,
as well.

- A Cross-Cutting Theme In The Mathematical Targets Of Difficultyr

Making and Extending Models

Part of the_diff;culty of fractions and decimals as mathematical objects
derives from the_fact'that it is not necessarily clear to students what sorts
of real settings they can be used to model. It should be noted that the |
problem of the arithmetic of signed numbers is a problem similar in structure
and origin to the problem of the numbers between numbers. o

There are occasions when it 1is necessary to quantify parts of one's
surround that possess, in addition to magnitude, a dichotomos sense, such as
left-handed or right handed, in or out, up or down, etc. It 1is the need to
quantify such entities that led the human species to invent and use signed
numbers. Unless it is clear to students what modeling préblems signed
number3 can be helpful with, there is little reason to expect these students
to be able to compute with them in any but a rote and. mechanical fashiop.

This process of extension of the primitive couwmting numbers, is in
itself, an example of an important element in the learning and teaching of
mathematics. The rational numbers (fractions) lead to the real numbers (do
you remember your puzzlement the first time you encountered that strange
number very close in value to 3. 141592653U46...7 How did anybody ever . .
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discover all those digits and how come they are so sure that they keep going
_on forever?), the real numbers lead to the complex numbers (for the first,
time here one encounters "numbers® that are not used for either counting or
measuring! Why then call them numbers?), and to vector spaces of both finite
and infinite dimension. Even the metric properties of the spaces can be
'fbregone and even more general mathematical objects invented ahd studied..'

Computers

In some respects, the problem of deciding on initial research projects
in the area of camputérs was easier thin the corresponding decisions in the
areas of mathematics and science. Because of the combined enthusiasm for and
pressure to teach about computers in the schools of the country, there is a ’
- gense of urgency and' immediacy to_many of the problems that were fbrmulated
in the working group on coamputers. ' '

In other respects, however, identifying targets of difficulty in the
domain of computers is difficult. We are handicapped by the relative paucity
of experignce with the subject in the classroom, especially at the elementary
level, és.well as by the relative rarity of teachers who have had the
opportunity to be engaged in this area for long enough to be reflective about
it in informed ways. '

Despite these difficulties, the computer working grodé:ieléétéd"three
initial studies to undertake. These are:

a study of commonly held perceptions and misperceptions about the o

logical structure and function of hardware and software and the
generation of a useful set of functionalxmental models to address these

issues,

a study of learning and teaching programming and the transfer of the
cognitive skills acquired in that damain to other unrelated domains,

a study of teaching and learning the use of applications software and
its potential impact on curricular domains other than the computer
itself. '

N
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Functiona) Mental Models

The Problem

' Studeht s encountering computers for the first time frequently have
difficulty inventing for themselves workable mental models of the logical

.structure and function of the hardware and the software. For example,

learners often do not understand where information is stored in a camputer,

or the fact that it may be stored in different places and in different ways,
or why it is. necessary to do s0, and what happens to the differently stored

information when the computer is turned off. :

Problems of this sort deserve attention because they cause considerable
confusion with students of all ages who are new to the computer. Moreover,
they often lead to practical difficulties in learning to use camputers for ‘a
variety of purposes.

In the course of an extended series of discussions between classroom
teachers and academics, a series of such difficulties have been identified.
Although obviously there are subtle and complex issues that fall under this
rubric, many of them are quite straightforward and probably amenable to
direct instruction. It is our hypothesis that many of the confusions of this
sort that learners have reflect the lack of elementary mental models.

The Proposed Rgsearch

We plan to investigate the pedagogic utility of a set of mental models
that can help teachers and students ts understand: ’

The several kinds of memory (RAM, ROM, floppy disk, hard disk, optical
Storage, tape, etc) and their special roles, as well as the options for
transferring information among them. 1In particular we will-attend to
the distinction between moving information from one memory device to
another and copying information from one memory device to another.

The interrelations among commands, program, interpreter, other elements
of system software, and the data on which they operate.
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Different operating levels and modes (e.g., communicating with the
operating system vs. communicating with an applicatiods program) and, .
within the applications progranm, communicating with several different
modes.

What must one do to begin an interaction with a program and why? What
must one do to stop an interaction with a program and why? .Clearly;'the
answers to these questions will depend on the particulér hardware and
software in question. The issue, however, is one of understanding such
things as.the flow of control betuggn.pperating system and applications
program, the possible dynamic reallocation of disk space, and the like.

The distinctions among and the likelihood of hardware errors, fﬁultj
disks. electric power irregularities, user errors (both logical and
physical). as well as logical errors in the software.

With this set of initial difficulties in mind, we plan to carry out the

following research plan:

During the spring 1984 semester we will confirm and extend ouwr
preliminary identification of these targets of difficulty through a.
series of informal case studies. These cases will be collected through
classroom observations and teacher interviews in settings where people '
are learning to 1nteract with the computer for the first timg.

During the summer of 1984 we will develop a set of mental models that
address the confusions that we observe and analyze.

3

In the fall of 1984 we will teach these models to students at both the
eleméntary and secondary levels. We intend to pay particular attention
to the differential effects of grade level as well as tr whether the
students are learning to program or learning to use applications

programs, or both.

Promising models will be improved and retaught during the spring of
1985,
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We believe that the absence of useful mental models is a temporary ¥
problem and will gradually fade as the society as a whole becomes more T
familiar with computers. Nevertheless, the problem is, at the mcment, an
urgent one for thosé who are trying to teach people to use computers in
various ways. It is our convict!sn that this effort can make an important

contribution to its resolution. ‘ - ; N e

-
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Programing and -Cognitive Transfer
The Problem ‘ L.
The problems we plan to investigate include: ' L

What "mindware"--attitudes, cognitive strategies, and mental moadel s==do
some students bring to their first programming experiences that-heiﬁq
them_écqu;re programming skills more readily than their classmates?

What mindware (programming-specific or not) must students acquire during
.prggramning instruction in order to develop into :skilled programmers?

What mindware do students acquire from programming that they might,
-elther spontaneously or with prompting, transfer to other contexts? ‘

The reasons for this set of que&tions are evident. Much of the public
discussion surrounding the consideration of prograﬁming instruction in the
schools center on two justifications: first, computers are increasingly a
part of the world around us, and it is therefore increasingly necessary to
train people to use them; and second, training people to program computers
may result in their thinking more logically and rationally, not only about
computer procedures, but about virtually everything else as well.

It hardly needs to be pointed out that programming is not the first
school subject presumed to "help you learn to think." Similar claims have

been made at various times for the study of Latin and plane geametry, It is
also important to note that the continued presence of these subjects in che

_curriculun is always based onh their intrinsic intellectual merit rather than

on their presumed ability to promote clarity of thought.
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There are, nevertheleés. good reasons to expect that learning
programming may indeed have such transfer effects. It is plausible that the
. precision called for in the hand-execution of a program could be of great
help in thé context of soiQing an algebraic equation or that the top~-down
pattern of thought needed for structured programming also suits other
situations that call for planning. We hasten to add that there are many
roadblocks to successful transfer-~some students never acquire these skills, .
even in the programming context and even when skills are acquired, transfer
. may not occur without prompting. ' o .

After all is said and done, it is important to gain greaster clarity on
the question‘of programming and cognitive transfer not only for the specific:
question itself. Since we seem to be in the habit of finding subjects in the
curriculum that we believe to be useful for their presumed transfer | _
properties, it seems to us to be useful to learn more about the problem of .
cognitive transfer.in general. '

The Proposed Research

* We propose to begin by studying primary students learning LOGO and
secondary'students learning BASIC. We will do classroom observations and
interviews in an effort to determine exactly which concepts are commonly
understood easily, and which regularly are difficult for students to grasp.
We will compare the cognitive fepertoires of the stronger and weaker
students. In this way we hope to be able to identify the general mindware
necessary for the meeting of the first demands of programming. These
tentatively identified skills and strategies will form the basis of further
inquiry. We plan this stage of observation and interview to last at least
through the fall semester of the 1984-85 school year.

The analysis of the data collected during this initial phase will allow
the planning of a series of tasks in both programming and non-progrémming
settings designed to make the transfer issue as salient as possible, Doing
this will require the generation of a carefully considered list of candidate
skills for trahsfer. Skills such as "debugging" are too globa) and generic
to be useful in this undertaking. Consider, for evample, the problem of the
transfer of planning skills from the progre2imming domain to other domains.

While planning is obviously a quite complex set of skills, ‘it clearly
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involves the ability to modularize the elements of a problem solution, A
programming languagq such as LOGO or PASCAL is an ideal setting to look for
evidence that a stﬁd?nt's planning activities employ these ski;is. Other
contexts that are likply to show the bresgnce of these skills in such bo..
relief include using tomplicated cooking recipes or assembling complicated
Meccano or LEGO structures. _

~ To the extent thdt resources permit, we would like to encompass the

following variations in the study: degree of access to camputers x
elementary vs. secondary level x beginners vs. students with one.year of

programming experience x LOGO, BASI., and PASCAL. It is not likely that the -

final study we undertake in this dumain will be as varied as that. At this -
stage, however, we do not wish to constrain the possibilities.

We are iu contact with other research groups around the country
concerned with the .problem of programming and cognitive transfer. We intend
to plan the tasks'we will use in the second stage of this investigation in
close cdordination with these groups so as to draw on their experience as
well as to avoid duplicating their efforts needlessly, '

Applications Programs
The Problem

We are interested in studying the teaching and learning of applications

" programs for four reasons:

Competence in using a computer is increasingly coming to be regarded as
a reasonable requirement for high school graduation. Six states now
require schools to offer students exposure to computers and 37 others
either recommend it officially or are considering proposals to do so.

Competence with a computer implies, among other things, the ability to
use applications programs. Typically introductory camputer courses have
four components., These are: 1) some sort of introduction to the nature
of the harﬂuare. 2) an introduction to programming, 3) the study of the
uses of -the most common generic kinds of appli;ations software, and 4)
an examination of some of the social and political issues surrounding
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the introduction .of information technology into the society in a
widespread way. |

Introductory courses in.computers that teach the use of applications _
programs probably have wider appeal than do introductory courses that .
emphasize programming.

Learning to use applications programs can be an important way of
learning some fundamental concepts in computing. In particular, what
are the consequences for problem structuring and posing given the
availability of these new sorts of tools? Do people structure the data
they encode in different ways once they become accustomed to using data
bases?: Is there a difference in the way people encode data depending on
whether they use relational or hierarchical data bases? Does the use of
spreadsheets promote the generation of mathematical models of particu;ar
~ forms and 1hh1bit the generation of others?

The Proposed Research

Although there is a growing interest in the teaching of applications
programs, and in integrating these applications into the traditional
curricula, we-have little information about the recurrent targets of
difficulty in this domain. We plan therefore, as a first step, to survey

teachers of mathematics and science to determine what is being used, for what
purpose, and by whom.

Having identified teachers using applications programs, we will
interview a selection of them in order to understand better their perceptions
of both targets of difficulty as well as targets of opportunity in the
teaching of applications programs. We recognize that at this time, many
~ teachers are themselves just learning to use applications programs and have
probably not had sufficient time to reflect on both the problems and the

potential of what they are engaged in.
In addition to interviewing teachers, we also plan to observe students

and teachers as they go about the business of learning and teaching
applications programs. We will carry out these observations both in
classroom setiings and in controlled laboratory settings, where the learﬁing
sessions will be videotaped for subsequent anaylsis.

o7
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We will also attempt to generate a small nuhber of science and'math
curriculum applications of applications programs. While we are not yet
entirely certain of the extent of the effort that is appropriate, we believe
an 1nquirzﬂ;gggﬂ&hewpresentat1on~4n writiné of a reasoned scientific argument
to be a valuable exercise. We believe that using a data base program to ;
study biolcgical classification or the phenomenological properties of the
chemical elements is a potentially useful addition to a science curriculum,
Simiarly, we think that .using spreadsheets to. model populations changing over
time in response to changing external conditions can be a valuable addition
to both natural and social science curricula.

Following from the study of the learning of applications programs is the
exploration of the cognitive consequences of this learning for other learning
efforts both in the domain ofwcumputerb as well as in other damains of the
curriculun. Specifically, we will look for effects on students' - - |
conceptualizationfof problems, their problem solving, and their willingness
to engage more realistic and complex problems. .

]

Cross=Cutting Themes in the Computer Targets Of Difficulty

Mindware: Procedural Understanding aqd Ment al Models_

As we examine these fargets of difficulty, we will pay special attention
to the first encounters with the computer==the first several lessons or the
first few weeks of use, 6ne striking feature of the: learners' first
encounters with éamputers and computer programs is that some catch on more
readily than others. Some learners seem to grasp much more quickly than
others routine matters such as the handling of disks and the different
operating contexts presented by operating system, editors, and LOGO or BASIC
interpreters,

Therefore, in conducting our research, we will try to identify the
traits and skills that make this transition easier for some than for others.
We use the term "mindware" to stand for the mental strategies and mental
models that a student or teacher brings to a computing or other task. -We
hypothesize that those individuals who have the most difficulty with the
initial phases of handling cunputersAlack a repertoire of mindware haying to
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do with what can loosly be called "procedural understgnding”. . Others have
already acquired relevant mindware before ever sitting down at a computer.
This mindware might include having a sense of 'a procedure as an entity, a

good intuitive grasp of simple conditional branching as it occurs in
, hon-camputer contexts, and an ability to compose simple procedures out of

1

available primitive operations (as one has to in using a hand calculator for °
complex computations, for instance). As we examine targets of difficulty, we

will try to identify contrasts between the facilitating mindware of students
who find this learning easy with the minduare problems that oharacterize
those learners who have the most trouble.’ . L

Both the targets of difficulty we have identified and the édhtemporqf§
literature on programming suggest that, in virtually all cases, a target
poses problems at least in part because the 1earner lacks an adequate mental
model of the target. A mental model is a particular kind of mindware, a
mental image of a system that a person can inspect and "run" as a way of
understanding what happens in the real system. For example, uhderstanding of
variables is ore of the more complex surface targets but not a terribly
difficult conceot if approached correctly. Consider the simple expression:
in BASIC: A = B, To understand what this means, the learner will benefit
from a mental model including visualization of the following: (1) A and B are
names that stand for locations in the machines; (2) the locations have
numbers in them; (3) when a number is taken out of a location; it is copied
out, not moved out leaving zero; and (4) "=" means "copy the value found in
the location named on the right into the location named on the left",
samething quite different from its nomal use in algebra and arithmetic.
(Note, for example, that the statement AzA+1 is a legal BASIC statement! And
‘A+1=A s not legall) | |

A great deal of instruction in programming and the use of applications
programs appears not to give students adequate mental models, and many of the
students do not develop such models spontaneously. In particular, we suspect
that many of the problems students encounter as they are introduced to
computer hardware and software are almost entirely ascribable to lack of some
rather simple mental models. We will investigate this hypothesis, and hope
to find solutions fairly quickly to many of these targets. Besides our own
efforts, we can benefit in this inquiry from existing research on mental
models, including some in the area of programming, and from the lore of
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experienced teachers who have developed skills for helping students with
these problems of initial encounters with computers,

‘.

Mystification, Motivation, and Lack of Context

For many people*computehs are intimidating and mysterious. One reason
+for this sense Ar alienation is that people lack a context for understanding
what computers can and cannot do, what.types of tasks are well- and
ill-suited to the computer's capabilities. Without such a context students

"have no "story line" within which to comprehend and remember the isolated

facts they are taught. ,Instruction that ranges ahead of any motivating
context tends to leave the learner feeling disoriented and mystified.

Many features of both programming languages and applications prograhs :
(e.g., Spreadsheets and data base management programs) Become more meaningful

only in the context of situations with which students have little experience.

For instance, a student typically learns about the kinds of planning and
forecasting spreadsheets are good for as he learns about spreadsheets.
themselves. For another example, the distinction be*ween iteration and
recursion is really not very crucial in most elementary programming
situations, which only require "tail recursion", One can hardly. expect

students to understand recursion in LOGO well until they have some experience
- with problems that genuinely requiremfull.recureion. '

To generalize, many aspects of programming languages and applications
programs only make sense as designs that serve well particular needs.
hypothesize that students have problems with many of the perSisegp%/’argets
of difficulty not only because of their complexity and a lack of mental
models, but because of a motivating context that is lacking or too new. We
will investigate our targets of difficulty with this hypothesis in mind.

New Technologies

While the preceding research projects address Task 2, this section
describes our work on Task 3, exploring the educational potential of emerging
technclogies. In keeping with the priorities reflected in NIE's Request for
Proposals, the New Technologies group has moved scmewhat more slowly than the

science, math, and computer groups. Its starting point was considerably more
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focused in our original proposal, however, and as a result we can present
reasonably specific reséarch.plans in this document. It is 1mportant.tq//x/
note, nevertheless, that these specifics may change as planning prqpeéﬁs.

The Center's work in this area is guided by a somewhat different set of
objectives than its work in math, Science,_lnd computer education. The.
overriding objeétive is to foresee, at some useful level, the issues which
uil;.require attention as new technologies become available (and are
marketed) to schools. Much of our work in this area will therefore focus on B
technologies not yet used in schools. Accordingly, the research quesiions
" typically concern the development and distribution of educational materials
using new technologies rai.her than the curricular implementation of such
materials or their impact on teachers and students in schools. _

What "“new technblogies" will the Center study? Our obJeCt is to study

new technologies likeiy to be educationaliy useful in schools (or homes) over .

l'the next few years. These, we believe, will be a subset of the new

” educational and communication technologies currently being used in other
contexts, such as industry-based training programs. From this perspective
the possibilities are intelligent videodisc, expert systems, computers

~ augmented with speech=recognition devices, two-way computer~driven cable, and
integrated applications of more than one technology, such as videodiscs or
computer games in conjunction with broadcast television.

We believe that three of these candidate technologies—intelligent
videodisc, speech-recognizing microcomputers, and multi-technology
combinations—are almost certain to have educational impacts in schools and
homes. Our projects thus focus on these, Expert systems have enormous
'educational potential, but the sheer difficulty of developing them and the
cost of operating them make their use in schools and homes a distant
prospect. The prospects for cable-based educational systems are linked to
the prospects for the cable industry, which are not rosy; moreover, much of
their potential parallels that of other technological combinations, and thus
there is little to be gained by studying them alone.

Our focus in this research is on two features of the new technologies:
the technical and organizational requirements they impose on those who wish
to use them educationally, and tne human-factors issues they are likely to
raise when used by school-age children. As this work proceeds, but probably
not until the Center's second year at the earliest, we will move to somewhat
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more focused study of the impacts new technologies are likely to have on
teachers, students, and learning when they are used in schools. The pur pose
of ow initial research is to lay a solid conceptual foundation for the work
to come, and this is why it 13 cast in hypothesis-generating, exploratory
tems., :

Our approach is to work with individuals or groups who use these
technologies already, the Center's role being to cause scame of that use to be
school~oriented or to add a research dimension to existing developmental
work. Four New Technologies projects are mo@ing_ahead under‘Center suspices,
and there are four other projects at the Harvard Graduate School of Education
which relate to the Center's work in this area. ' We will describe only the
Center=based projects in any detail here.

Before turning to these New Technologies projects, it is worth pointing
out that tae Applications research, described in the.section on computing
above, in many ways bridges Task 2 and Task 3. While focused on applicationa
software that may be useful in science and mathematics classes, this research
may also examine. the uses of applications software in other subject angas. as

well.

School Application oi Existing Videodiscs

The Problem

"Intelligent videodisc" is the abbreviated name for a technology
which combines the logical and device-control powers of the microcemputer
with the quality and quantity of image storage provided by a laser-read
videodisc player. Generally this technology also incorporates high-fidelity
sound and touch-screen or light-pen input. The result, for a user, is a
video and audio display which is more faithful to real life than broadcast
television, extremely éasy interaction with the device (usually requiring
nothing more thén touching items oﬁ the screen), and apparently limitless
responsiveness of the displayato the user's choices. This technology also
has the ability to overlay upon a video image computer-generated text or
graphics, which gives it highlighting .and explaining potential absent in
ordinary television or non-interactive videodisc.

a s
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‘The quality of this device's displays and interaction ccme at a cost:
since a given videodiSc's -contents are permanently prerecorded on it, what
-appear to be limitless responses to the user's requests are in fact limited
to what the disc's creator has chosen to record on the disc in the first
place. The creator of an intelligent-videodisc program must anticipate every
' response the eventual user might make to a given portion of the program, or
failing that must constrain the possible responses at each step.

This is, in theory, a severe limitation of intelligent=videodisc
- technology, since it seems to exclude all but relatively fixed.'narrow
CAI-like applications. Experience with these devices in industry suggests
. otherwise: there may well be a theoretical limit on the device's use?ulness.
but in practice even very sophisticated programs for the device rarely
approach these limits, and its educational potential thus appears to be

&

great. : _ . .
One explanation for ‘his apparent paradbx is that the video and éudio
fidelity of the device are such an advance that the new applications they'

. permit far outnumber those¢ which its pre-planning requirements exclude. That
is, there may be far more pre-plannable, useful educational programs to be
‘developed than has been widely assumed, A second explanation, not unrelated 1
to the first, is that the success of the device in industry reflects the
degree to which industrial training programs comprise pre-planned responses :
to predictable student requests. ’

The question underlying this project (énd the next) is the one schools"
will face as the cost of intelligent-videodisc devices continues to drop. In
what ways will these devices prove useful in schools? On the one hand, their
advanced display facilities are likely to engage students' attention far more
than computer graphics do. Moreover, they will permit technological
approaches in areas, such as art History, where existing displays are too
crude to be useful. On the other hand, these devices will be incapable, in

theory, of supporting the kind of open-ended simulations and tools--such as
LOGO, the Semantic Calculator, Snooper Troops, and Micro Dynamics--that are
increasingly popular on microcomputers today, and thus may lead to an
essentially regressive change in educational technology.

An essential step in considering such questions is a rough assessment of
the way these devices will interact with students and teachers in the school
setting, There is some evidence that students respond positively to the
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devices in a laboratory setting and that teachers find the development of
materials for them (again. in. a laboratory setting) to be fruitful rather
than confining. What is needed-=and the point of this project-is a sense of
how such devices might be used by teachers and students in the classroom.

The Propoaed Research

This research project will exploit existing materials for intelligent
2

videodisc devices developed by Interactive Training Systena,£or—its’“““:
‘industrial clients. Many of its materialé"foous on particular tasks or:
skills, such as the repair of a particularginstruuent. and are inappropriate
for school use. Others focus on more general skills, such as redwing jargon
and wordiness in written communication, and might be appropriate for school
‘use. ot ' | | |
First, the group undertaking this study~-which will comprise teachers, a
researcher specializing in student-machine interaction, and one to two
materials developers from ITS—-will review existing materials. identify a

small number that might be used in classes, and secure the agreement of ITS
and its clients for the experimentai use of those materials. In addition to

ylelding materials for. classroom use, this review should provide the Center a
useful overview of the form intelligent-videodisc materials have taken.

Second, the research group will identify teachers, perhaps from the
group itself, who are willing to use some of the selected materials as part
of an existing course. ITS (or, perhaps, another developer) will make an
inteiligent-videodisc device and the selected material available to each
participating teacher for the period of the experiment, probably between one
and four weeks.

The experiment itself will involve students using the interactive-
videodisc materials with the teacher's help and supervision. Researchers
will both observe the interaction and interview participants. Much of the
observation will focus on the structured elements of the interaction (What
did the student actually do? How often was progrcss through'the material
essentially linear, and how often backward and forward along different
branches? How much time did students spend on different parts of the
méterial?). It will also include some unstructured observation of students'
reactions to the technology (How much engagement was there,. and how much
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frustration?  What did students talk about?). The interviews will focus far
more on the qualitative aspects of the interaction, from both student and
teacher perspectives, - o -

The final ‘step in the project will be to summarize what has been learned
about factors affecting interaction with intelligent-videodisc technology in
classroom settings. We do not see this final step as the definitive word on
this.teghnology in the classroom, but rather as a framing of the issues which
subsequent developers for and implementers of the technology in schools will
need to consider. ) ' ' )

The Development ot School-Oriented Videodisc Materials

The Problem

It is quite clear from laboratory=based work on- intelligent videodiscs
and from our current work on computers in math and science education that
developing materials for this.technology for use in schools regquires .
attention to the technology itself, to the subject matter in qQuestion, to
existing curricula for teaching that Subject matter, and to the context in
which the technology will be used. It is far less clear how developers of
such materials can meet these requirements. )

There is little Question that meeting these requirements entails a
collaborative process involving teachers, designers, technical experts, and
subject-matter specialis;s.. There are parallels between this process and
Gerald Lesser's model for the development of Sesame Street and other CIW
programs. The technology in quest%on has Yeen inaccessible to school=-based
educators, however, and will remain so in the near future. It.seems
important, if intelligent-videodisc is to realize its educational potential,
to understand better the development process it will require.

The question underlying this project is: How does the process through -
which school=oriented videodisc materials are developed unfold, and how does
it seem to influgnce the materials which emerge? This project complements
the first project described above. Here as well, we seek not a definitive
answer to the question, but a framing of the issues based on careful study of
one or two instances.

1,
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; The Proposed Research

We plan to study one or two instances of videodisc materials |,
development. There are several possible subjects for this ‘research, among
which\fe have not yet made owr selection. One possibility is the development
of a high=school phyaics unit currently being carried out by a _group of
teachers from Lexington and Lynnfield, Massachusetts, with the support of the
Digital Equipment Corporation. A second possibility involves an attempt by
David Nelson at EDC and Uri Haber=Schaim at Boston University to re-cast a
wide range of film materials from the PSSC Physics curriculum in videodisc
format, and to construct software permitting interactive access to those.
materials. A third possibility, considerably more tentative, involves
develdping a Junior-high science unit through a collabération among
individuals 1nv61ved in the Center's science working group, corresponding
individuals from the Center's Senior Research Group. and technical experts
fram Digital Equipment Corporation. '

Whatever research subject(s) we choose, the procedure will parallel that
we describe for the television project below: the ;enter will contribute to -
the development project sufficient resources to produce an analytic chronicle
of its progress. The focus will be both on the ways individuals with
different expertises work together and on the use of research findings==in
particular, about student/ﬁachine 1nteragtion-—to guide development.

The products of these studies will be a cunuiative series of analytic
descriptions of the process, and a thematic summary of what emerges from the
series. These should provide a very good sense of the principles which ought
to underlie the development of schoo;-oriented educational materials for
intelligent videodisc devices.

V¢

Educational Integration of New Technologies with Television L

The Problem

Broadcast television is without question the dominant educational
technology. It has been used effectively from preschool to postgraduate
levels, in a variety of subject areas. The great limitation of broadcast
television is its noninteractivity: viewers can neither influence what they
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see (except over long periods of time) nor retain automatically any portiun

" of what they have seen. There has been some success .in bypass;ng these'

limitations, ranging‘fram phone=in influence on live programming to teacher's
guides, transcripts, magazines, and other materials suppleménting the

brcadcast shows. - ‘ s -
Current computer and communication technologles make possible the

. creation of shows which accept and respond to vieiwwer comments, the

presentation of non-broadcast materials on video screens which extend
broadcast materials, and the transmission of other kinds of material in
conjwnetion with a broadcast signal. The technology exists for a computer to
overlay on a broadcast image appropriate text'of highlights, or “for a
microcomputer to recieve software for a game at the same time a child is
watching the broadcast show which serves as the basis for the game. It is
also possible to produce a videodisc which encompasses video and text
segments supplementing a broadcast- show, and to write software which
integrates the different media as the user wishes. Standardization remains
Elusive. but otherwise the technical issues surrounding these possibilities

have been resolved. The qheStion is héw to'prbduce. connect, and distribute

materials which are designed to extend and amplify the educational potential

of broadcast televis.ion. : .
How does the process through which integrated materials are developed

unfold, and how does it seem to .influence the materials which emerge? More
specifically, how does .an organization with a long history of educational
service through television extend one of its successful broadcast shows using
other technologies? The obstacles to this extension are potentially
substantial: resources might be diverted from broadcast production, $kill
requirements for staff are different, licensing and subcontract issues are
camplex, competition is far more widespread, the choice of technologiés to
use for extension is enormous, gnd 80 on. Moreover, the developmeﬂt process
ought to draw on research describing the interaction between technology and
its. intended audience, ygt such information is difficult to discover and to
use. | |

These obstacles may be great enough to preclude successful development.
Yet, the potential for educational service is also great, and thus the
obstacles are worth attacking. We plan to examine these issues as they arise
in real situations, and thereby begin to understand the factors affecting the
integration of various technologies into specilic educational products.
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"The Proposed Research

We will study major attempts to extend particular successful educational
te .evision shows into related, technology-based materials. The initial _
subject for the research will be the effort underway at WGBH Educational .
Foundation to develop and distribute materials for 1ntelligent-v1deodiscs and
mierocomputers which will extend the impact of its enormously successful
science show NOVA. A subsequent project will proceed similarly using CTW'
development of materials based on 3-2-1<Contact as the subject.

The Center will not contribute to the development work of the Special
Telecommunications Services group at WG@BH or of the CTW staff. Rather, it
will provide research surport to permit the groups' work to yield not only
the intended products but also an analysis, primarily organizational, of the
‘way the group approached and carried out its work. The Center will
compensate the WGBH and CTW staff for the time they devote to Center=oriented
analysis and will support non—participant observers and chroniclers of the

process,
The model for this research project 1s the analysis of Sesame Street's

development undertaken by Gerald Lesser. Like most exploratory research on
organizational process, its precise course is difficult to predict, but it is’
clear that the projec£ will emphasize analys;s of the development group's
structure, inturviews with individuals involved with the project, and
attention to key everts in the development process. . The product of the
research will be a series of reports which describe and analyze the.
development and disirfbution process. As these accumulate the research team
will identify recurrent themes and events in the study, and after a period of
twelve to twenty-four months we expect these to be stable "enough for analysis
and reports to become more definitive and less.exploratory.
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Speech Recognition and -Access to Microcomputers
The Problem

Children ordinarily learé'to speak quite well before they learn to
write;-the\same is true for listening and reading. Even adults often find
oral communication simpler than written communication. Uhtil recently
comunication with computers required written communicatibn. using kéyboards
and text screens. For this reason there was littile attenticn to the relative
merits of written and other forms of communication with computers, for
children or adults. ' ' '

There has been greagt progress with speech-recognition and speech-

synthesizing technology for computers. The cost of such devices has now
dropped to the point where it is beginning to be reasonable to think about

equipping home or school microcomputers with this technology and creating
software which takes advantage of it. But there is no clear sense of what.
audiences and what subject matter would benefit from this.

The Proposed Research

Does speech-recognition technology enable children too young to type to
use educational softwire on a microcamputer? We focus on this question,
rather than more general questions about differences in access among adults,
because the assumption that keyboard skills were essential has had a profound
influence on the application of microcomputers. As is true for many other
Center projects, we approach the general questisn through a more -Specific
one, the answer to which should guide more genersl work: How do young
children react to early-reédinz software which uses speech-recognition
hardware and does not requiré typing? Our interest in this specific question
stems not from its subject matter--reading—but from the fact that it
involves the interaction between microcomputers and a new audience_for them,
children too young to type.

Education Develobment Center, in cooperation with Dragon Systems Inc.,
has developed sof;ware which "learns" how a student says roughly sixteen to

thirty-two words and then provides stories and games in which children read
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the words. OQur question is not whether the software provides good reading
instruction, but whether the speecherecognition device in fact makes it
possible for a young child to make effective educational use of a
microcamputer, '

The researca group for this project will include experts in student/

!canputer'interaction. child observétion. and reading. It will draw primarily

on relatively structured observation of children's interaction with the

software and hardware, supplementing this v.th some interviewing of the
children involved., We expect most of this work to be laboratory-based at the

outset, although some school-based work is possible later on.
Non=Center Projects
Fqur additional projects being conducted elsewhere in the Harvard

Graduate School of Education relate clearly to the Center's new technologies
work, even though they fall outside the Center's subject-matter focus. Two

-involve language arts, the third involves social interaction._and the fourth

involves educational philosophy.
The first related project, directed by Colette Daiute, concerns the use

of word-processing software to improve students' writing, both by minimizing
the mechanical awkwardness of working with paper and pencil and by enabling
students to colléborate on pieces of text. Daiutefs research focuses on
seventh graders, variously giQing them access to traditional uriting-tools,
to common-ﬁord-processing software such as her own versions or Bank Street
Writer, or to minicomputer-based editors which permit several cildren to work
simultaneously on a given document. ’

The second related project, directed by Jeanne Chall, concerns the
appropriate balance amohg different media, including traditional readers and
computer software, in the teaching of reading. The project currently
involves an extensive review of differen. approaches and their suitability
for different audiences and levels, .

The third related project, directed by Cohrtney Cazden, concerns the
social interaction among students who are working with computers in school.
The study is brcad, 'since there has been relatively little structured

attention to the issues involved.

._‘\. |
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The fourth related project, dihected by Israel Scheffler as part of the
general work of the Philosophy of Education Research Center, is an inquiry
into the philosophical underpinnings and implications of the current '
enthusiasm about educational technology, both as it has evolved and as people
have thought\\t\uguld evolve.

We maintain close communication with the directors of these
comp.lementary proJects. Ow proximity permits us to exploit the mutual
assistance we can qffeh and to avoid duplication of effort.

CONCLUSION

In summary, the research mission of the Educational Téchnology Center
is to find ways of using new information technologies to 1mprove elementary
and secondary education nationwide, principally in the areas of science,
mathematics, and camputing.. 'In'carrying out this mission, we are taking a
collaborative research approach involving experts from the subject matter
disciplines. teachers. educational researchers with a variety of social
science backgrounds, ‘and specialists in educational applications of
technology. Collaboration among these diverse partners is designed to
ensure that our research results will be relevant to real educational
contexts, as well as theoretically powerful and methodologically sound.

Working together, the research partners have identified a series of
topics that present obstacles to many students' progress. From the
identified "targets of difficulty", the research working groups have
selected a subset that seems fundamental to the disciplines, especially .
difficult to teach and learn, and amenable to technological treatment. In
terms of the conception of the subject matter damain presented earlier,
these fall largely into the categories of theoretical and procedural
knowledge rather than the simply factual.

Each of the targets of difficulty is being analyzed further from the
several viewpoints represented in the research working groups. Subgroups
are alsoc formulating strateéies for attacking the targets, generally
. employing the stimulation, tool, and tool-making approaches described in

’ our earlier discussion of pedagogy and technology. As these strategies
crystallize, the groups are designing teaching and learning experiments
which use commercial or original prototype software to address the topics.
The experiments will be carried out both in laboratory settings with
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teachers and students, and in classraoms. At present. most subgroups are
exploring their topics more deeply and putting together pilot research
projects. -

In general, then, our approach emphasizes close analysis (1) of
subject matter in the domain of science, mathematics, and camputing, (2) of
the difficulties students encounter in attempting to master the sub ject
matter, and (3) of the pedagogical issues entailed in using technology to -
overcome these difficulties. We believe that only after thoughtful
attention to what is to be taught can these questions of the role of
technology in education be addressed effectively.

For a significant fraction of our research, howéver, we take the new
technologies themselves as the starting points. Recognizing that.emerging
teehnologieS represent dramstically new potentials for education, we are
exploring some of these potentials as ‘subjects for research in their own
right, without limitation as to subject-matter. Accordingly, a reséarch
~working group on new technologies has selected a set of particularly
promising developments and has begun inquiring into their implications for
education. |

From all of our research, we expect to produce four main types of
outcomes: (1) new insights about the uses of techology in teaching science,
mathematics. and computing, (2) effective new strategies for using
technolog& to attack specific targets of difficulty, (3) design attributes
for effective software in a range of pedagogical styles, and (4),
ultimately, an integrated theory of instructional design for information
technologles in education., We recognize that the last of these may be
excessively ambitious, but we set it as a goal for ourselves to emphasize
the need for almost continuous efforts at integration.

Responses from the Field

We distributed an earlier draft of this agenda to some 200 individuals
and organizations, including chief state‘qghobl officers, members of
Congress, businessmen and industrialists, and organizations representing
governors, state legislators, state and local school boards, local

superintendents, principals, teachers, parents, scientists, mathematicians,
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hspecialists in science and mathematics education and in educational
technology, educational researchers, and other interested citizens. These
contacts resulted in over 50 responses, many of which were extended and
substantive, _ ' '

The response from these external audiences indicated a gratifying
interest in the ETC work and, in most cases, an endorsement of both our . -
general approach and our specific research projects. The feedback also
helped to élarify the opportunities, constraints, and dilemmas which shape
our research and define its context. In many cases commentators suggested
clarifications and revisions which we have incorporated into this final
draft. Three general topics récurred in the responses to our preliminary
research agenda: the target of difficulty strategy, equity, and the content
of .particular research projects. '

Target of Difficulty Strategy
D\

' We expected that putting subject matter and pedagogy first and
technology second would prove a controversial approach. In fact, the
feedback on this strategy was overwhelmingly favorable. "Focusing your
research program on the instructional problems of existing disciplines
rather than starting with microcomputer technology and searching for
outlets for it 1is, of course, the right way to approach things," was a
typical comment. While endorsing the overall approach, several
commentators identified issues that must be kept in mind to balance this
approach. ' ‘

Some commentators have worried that our focus on a subject matter
would overshadow pedagogical aspects of targets of difficulty. We
recognize, however, that characteristics of students, teachers, and
classrooms influence the learning process. Accordingly, while our projects
are defined in terms of subject matter, the research will examine the
multiple forces affecting 1nteractions_among learners, teachers,
educational technology and subject matter. '

‘A few commentators argued for an approach that takes the revolutionary
new potentials of information technologies as the main point of departure.
We belleve, however, that realizing new technologles' potentials, as
distinguished from identifying them and exploring their limits, is best
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achieved by bringing them to bear on important subject matter, in practical
ways, now. N '

' Further. too much discussion of - the new technologies focuses on them
as means while losing sight of ends. As Albert Einstein lamented,
"Proliferation of means and confusion of ends seems to characterize our
age." We believe it is essential to "realize the potential" for something
important, the immediate Something being the achievement of broader, deeper
scientific and quantitative literacy in the society.  Having-said this we
hasten to add that a complex, dynamic society such as ours faces numerous
éhallenges. with new ones developing constantly. To lay a firmer basis for
addressing a broad range of challenges, we must identify and explore the
educational potentials 6r emerging technologies as a tésk in its own right. .
Accordingly, we have initiated examination of several new technologies or
new combinations of technologies. | |

This task is undertaken primarily by the New Technologies group. The
work of the New Technologies Group will expand the boundaries of our work
in several ways. Their investigations will not be restricted to
mathematics, scienee. and camputer science, but will range freely across a
variety of domains. Nor will they focus exclusively on school=based
education. The experimentation with computerpaugmented broadcast
television goes to the question of education in the home and other
settings. Finally, the emerging technologies research will take us well
beyond the microcomputer as a medium. Videodisc, a technology whose time‘
in the schools will doubtless arrive in the next few years, will receive
special attentioh. as will other technologies currently too expensive or
fragile for school use. '

In addition, some subcommittees of the working groups in science,
mathematics, and computers will explore the new opportunities afforded by
technology. For example, one project of the Science Working Group will
examine ways in which technology may help teach students about multivariate
systems, a topic so complex that it is usually omitted from the science
curriculum., One subcommittee of the Computer Working Group, after studying
current uses of applications software, will explore the untapped potential
of spreadsheets, data bases, and word processing programs for education.

Though its btoundaries are thus expanded, the agenda presented here
does remain limited in significant ways. For the portion of its work
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supported by NIE, the Center's research will be restricted to elementary

and secondary education., We will undoubtedly-undertake research at the
postsecondary level, but funding for such work will come from other

sou: zes. ) _ 4
Another kind of limitation on our work is implied by our focus on // |
targets of difficulty in the subject matter domains. Consistent with our
interpretation of NIE's interests and our own sense of priorities, we have
chosen to defer research on the many difficult questions surrounding
training in the u;é of and implementation of new technologies, including
‘questions of organization, staffing, and management. of the change process.
These are clearly questions deserving careful examination, but we have put
them aside for now, largely on the twin -assumptions that others are
pursuing such questions and that iﬁfis crucial to make certain that we have
something worth implementing before expending too many resources on finding

out how to implement it.

EQuity Issues

Mary respondents hoped that the Center would help reduce inequities in
the use and effects of educational technology. This concern arises in
several forms. The Center's work will respond in different ways to the
different formulations. In this section we will outline first the forms of
equity issues and then our responses to them.

Issues

School Resources. A major form of inequity is unequal distribution of
resources, both across schools and within them. At this level inequity
results when some students have access to microcomputefS and others do not.
Generally the maldistribution results in a disproportional flow of '
technological resources to schoois and students already well endowed with
educational resources. If students who possess fewer existing educational
resources also receive fewer technological resources, then technology may
increase rather than decrease the gap between hLaves and have-nots.
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Home Resources. In many relatively affluent school systems the
impetus for using educational technology comes from parents, many of whom
have already purchased home computers and want to work with the school to
help their children use them. In many less affluent systems, on the other
hand, the major impetus for the use of technology comes from teachers,
students, school administrators, and sometimes potential employers; few
homes in such communities boast home camputers, and thus the school
experience uith'computers is students' only experience with them. These
differences often tend to correlate uith school=-resource differences, and
thus also ignd to exacerbate existing inequities among students and’

schools.

' Suppdrt. There are instances where hardware and software shortages
seem'not to be a problem, relatively speaking, but where not all students.
receive the intended resources. The problem, in general, is that schools
are unable to provide the kind of support educational technology requires,

< Reras py;

e.g., staff development, technical assistance, space, supplies, schedule
modifications, and so on. Providing canputers to a school but leaving it
unable to use them is of little use, and if the schools which are unable to
use them are also disadvantaged in other ways == as often is the case —

then inequities will grow worse.

Sex Differences. Accumulating evidence indicates that fewer girls '

. than boys have access to camputers and that{ even when their access is
comparable, fewer girls choose to use the available computers. The reasons
for these findings are myriad. The results threaten to exacerbate existing
differences between boys and girls in'mathematics and science exposure and
achievement., These sex differences appear toc represent another instance of

technology=-driven inequity.

Expectations and Uses. A more subtle yet potent inequity in the
effect of educational technology, which both stems frém and contributes to
some of the other inequities listed above, has to do with the uses of
computers. One major challenge in education is to provide all students

with experience of being in control of the computer, as well as being
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instructed by ‘it, or using it fof routine data processing. 'Boih

.1ndiv1dua11y and ésJa_society. our lives are profoundly influenced by our

relationship to tne ﬂominant;technology of our time, which is clearly no
longer the assembiy line but the computer. A critical issue in this
relationship is whether on balance people initiaste and control their
interactions with the macﬁine or react to and feel controlled by it w=

‘whether the technology enhances their sense of efficacy or increases

alienation and feelings of subordination. We believe that a studant's
experience with computers will bend the twig of this relationship.

For students whose only direct experience with computers occurs in
schools, including the poor and many others, the twig may be bent in
fateful ways. Exposure to camputers exclusively through traditional CAI
(and even "1ntelligent" CAI) prepares students not to take charge of the
écmputer as'scientists or engineers do, but only routinely as do clerical
data processors. To be sure, the society will need clerical computer -
personnel, but just aS surely all students deserve the opportunity to
experience the.computer in ways that open to a broader range of careers.

When some studeﬁté are expected to use open-ended software to explore
conjectures in a given domain while others are expected to learn a list of
facts from a piece of drill-and=practice CAI software, it is logical to
expect different outcomes from the two groups. This is acceptable only if
the different expectations correspond in a producti&e. rational, and
soclally defensible way to the needs and capabilities of the students., It
is insidious when it merely reflects and reinforces biases based on the
places students live, the schools they attend, the affluence of their
parents, or their race. In the latter case technology once again |
exacerbates rather than mitigates inequities.

Responses to Equity Issues

Each of the equity issues we sketched above is serious, and each
deserves ‘attention. None of them is unique to technology, however. They
thus require more general atﬁention than the Center itself can provide.
Our efforts must develop in conjunction with other efforts to reduce
counterproductive inequities in education. We have already taken steps to
foster this collaboration.
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We envision three elements in the Center's work on these issues:

First, the highly focused nature of our work on math, science,

. and camputer education is particularly well suited to helping
teachers appropriately tailor their uses of educational
technology to thé.students and subject matter involved without
'regard to irrelevant social attributes. We will study the
differential responses qf varied groups of students in our
rescarch with an eye to understanding and perhaps reversing
current inequities in access, interest, and achievement. This.o
we believe, will lead to progress on the last two equity
formulations articulated above. '

~ Second, Over the long term, we plan to devote considerable
attention to support issues affecting classroom implementation of
our findings, including the equity-related support issues
.specified above. | |

" Third, we plan to collaborate with several interested
individuals and organizatiqns to develop and fund research.
focusing on the pattern of resource inequities which exists today -
and its correlation with other forms of inequity. The object of
this research will be twfold: to document the extent of these
inequities, so that deEéte may move to their resolution; and to
focus attention on the connections between distribution and
effect patterns in educational technology and corresponding
patterns in otﬁer areas of education. One essential step toward
implementing these responses is to connect the Center more firmly
with individuals and organizations sharing our concern for equity
issues. This will involve both bringing new individuals into
various existing Center projects and establishing new links
between the Center and projects underway elsewhere.
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Specific Research Program

Reaction to the specific research projects was generally positive,

Two sorts of questions were raised by some respondents and are worth
discussing here. o _ |

First, some commentators felt the research topics described in the
preliminary agenda addressed subject matter encountered only by rather
advanced secondary students. In reality, most of the projects concern
material that should be taught early and often in a studént's school
career. In this draft we have taken care to explain the proposed research
in ways that make clear the fundamental importance of its subject matter in
the science and mathemétics curriculum. Several of the individual projects
are planned so that teaching and learning experiments can be conducted at
various grade levels. _These projects will compare the ways in which
students of different ages respond to the material and may illuminate a
sequence of teaching strategies appropriate for students as their abilitieg
and knowledge advance. | _

Second, a few readers of the preliminary agenda asked for a fuller’
explication of the rationale for and coherence among the set of initial
research projects. 1In the present draft, we have included fpller
discussions on these points. We also have identified some of the
crosse-cutting themes which integrate the research projects both within and
across domains. :

At this point it seems neither necessary nor desirable to impose a
more restrictive kind of coherence on the research projects. Each of the
projects addresses a target of difficulty uhich is fundamental to the
subject matter and to the curriculum.of Americ#h schools. In subsequent
years we will identify and study additional targets of comparable
importance. As the research proceeds we anticipate that many torts of
relationships and recurring themes will emerge in our findings. We will
make every effort to identify and analyze these themes in order to draw

generalizable recommendations from our results.

N\

N
\ ‘\\
79



73

A Final Note on Research,l‘,echnolog!I and Studenﬁ Achievement

We deliberately omit from this agenda any claim that our research in
and of itself will boost achievement test scores, either of students in
general or of particular subpopulations. While we wholeheartedly embrace e
the goals of improving achievement in mathematics, science.,andfccmputéfﬂw

o =

- science, and of equalizing educational opportunity, we believe that neither w !

research nor technology nor any combination of the two has the power to -
increase students' achievement, . '

" We do believe, however, that résearcﬁucan help. It can deepen our _J“-
understanding of subjeci matter and of students' Hisunderstandings._it éan
suggest ways that technologies may be used to improve instruction, it can
guide the development of new software, materials, and techniques for us in
the classroom, and over time it can helb in a variety of subtle but
powerful ways to chhnge our assumptions about the limits and possibilities
of education. It is through these bontributions.fwe believe, that research
on the educational uses of techhologieS'can help teachers, students, and .
parents increase achie&ement in the nation's schools.
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7

ORGANIZATIONAL STRUCTURE AND MANAGEMENT

o
b

In accordance with the stipulations of the National Institute of
' Education, the Educational Technology Center performs five tasks: 1)
develop and regularly update a research agenda, 2) conduct research on the
uses of new technologies in science, mathematics, and computer education,
3) explore the educational potential of emerging technologies, 4) conduct
graduate-level training, and 5) disseminate the findings and products of
the Center's works to school practitioners, researchers, policy makers, and

parents. : i
Successful performarice of these tasks by the Educational Technology

Center requires:

a wide variety of resources with a diversity of perspectives,
: skills, and experience '
- maximum interaction and collaboration among those resources
- continuing movement and dialogue between the worlds of research and
s practice '
\\E - capacity to respond flexib;y to emérging issues, needs and

opportunities
- an efficient and taskeoriented operation

To these ends, we have designed an organizational structure and
management plan based on the following characteristics and principles:

Each of the institutions participating in the Center has proven and
acknowledged expertise and ongoing activities in the field so that
each one brings to the Center a significant body of knowledge and

experience and an extensive network of resources.

Institutional participation, though keyed to individuals is defined as
a collaboration among institutions, rather than as contracts with
individual consultants. Therefore the Center draws on the full array
of institutional capabilities and resources.

o aaie et %



While the\Cegter operates with a clear division of reﬁpons;bility by
institution, mechanisms such as the Steering Commit.tee"and Working ‘
Groups ensure communication, participation, and integration across A
tasks and activities,

The Educational Technology Center consists of a consortium of
organizations based at the Harvard Graduate School of Education. Each of
the partners has responsibilipy for particular work on the five tasks
described earlier.

¥
]

Harvard Graduate School of Eaué%tiog serves as prime contractor and
. fiscal agent, and provides ppysical facilitigs for the Educational
-'Techgology Center. As priheucontraetor. Harvard is responsible for the
~overall management and direction of the Center. It also takes lead
responsibility for assembling and overseeing teams to plan and conduct the
research under Task 2; for research on word processors and interactive
videodisc devices under Task 3; and for graduate level training under Task
4, és Co=Directors of the Center, Gregory Jackson and Judah Schwartz are
responsible for Harvard's portion of the Center's work.

Other partners in the consortium operate under subcontracts to
Harvard. They all participate in designing the Center's agenda and each t
-sends a representative to the Agenda-Setting/Steering Committee. In
addition, each partner takes fesponsibility for specific parts of the
Center's 'scope of work.

Education Development Center (EDC) takes primary responsibility for
coordinating the agénda-setting activities of Task 1, for research on voice
recognition and réadfng under Task 3, and for New England based
dissemination activities under Task 5. Charles L, Thompson, Director of
EDC's Center for Learning Technology, is responsible for EDC's work on the
Educational Technology Center. ‘

Educational Testing Service (ETS) takes lead responsibility for the
assessment of computer literacy activities in s:hools under Task 2 and for
national dissemination under Task 5. Marlaine Locklieed, Senior Research
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Sociologist in the Division cf Education Policy Research and Services, is
responsible for ETS's portion of the scope of work.

The Education Collaborative for Greater Boston (EdCo) facilitates the
participation of school people in planning and conducting research under
Task 2, helps coordinate training that responds to school practitioners!'
needs under Task 4, and aésists in regional dissemination activities under
Task 5. Judith Opert Sandler, Director of School Services athdCo. is
responsible for EdCo's work on the Center.

The four public school systems of “:mbridge, Newton, Ware, and

Watertown, Massachusetts each I'.ve subcontracts with Harvard. They

warticipate in formulatine - research agenda and serve as prime sites for
the collaborative school-based research activities conducted under Task 2
and 3. Representatives of these systems also help dusign and, in some
cases, provide sites for training and dissemination activities under. Tasks
4 and 5. The superintendent of each school :cystem is a member of the
Agenda-Setting Committee and is responsible for his system's work on the

Center.

Children's Television Workshop and WGBH Educational Foundation
contribute to planning and conducting research under Task 3 and, as
appropriate, under Task 2. Their involvement focuses Primarily on
computer-augmentec television. Kim Storey, Assistant Director of

Educational Activizies in the Department of Special Telecommunications

Servf%es. takes the lead for W@H. Keith Mielke, President of Children's -

Computer Workshop, is responsible for CTW's work on the Center. ' r
The Center also has an agreement with Interactive Training Systems

{ITS). ITS provides the Center with access to state-of-the-art intelligent

videodisc systems and works with Center personnel on exploring the

educational applications of such devices. Harry Lasker, President of ITS,
supervises ITS's work with the Center.
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