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the fundamental purpose of laboratories arguably is to pro-
vide students with an intensely interactive learning environ-
ment in which feedback occurs realistically and, often, imme-
diately.

Although these traditional routes to providing interactive
learning environments have proved effective (some more than
others), it is easy to recognize two difficulties. First, most of
these interactive approaches, especially those that provide
prompt feedback, require the learner and the teacher to meet
together for the approaches to be effective. This requirement
for spatial and temporal coincidence of learners and teachers
is particularly inconvenient because much, if not most, learn-
ing in typical engineering courses occurs outside the class-
room and beyond the presence of the teacher. A second diffi-
culty, not independent of the first, is that providing extensive
interactivity to students is labor intensive and hence quite ex-
pensive.

In view of these constraints, engineering educators began
to envision how to provide on-site on-demand interactivity
through the use of computers almost as soon as practical com-
puters became available. Looking into the future of engi-
neering education in 1962, for example, W. L. Everitt, Dean
of Engineering at the University of Illinois, foresaw the time
when every student and practicing engineer could access in-
teractive and adaptive learning environments through inex-
pensive personal computers of moderate capacity connected,
as needed, to more complex computers by wire or radio (1).

Dean Everitt’s vision was not developed in isolation. In De-
cember 1961, the IRE Transactions on Education had pub-
lished a special issue, guest edited by Mager (2), on auto-
mated teaching with contributions that addressed the
questions, ‘‘Why Automate Instruction?’’ and ‘‘How Effective
Are the New Auto-instructional Materials and Devices?’’ and
presented ‘‘A Rational Analysis of the Process of Instruction’’
and ‘‘A Method for Preparing Auto-instructional Programs’’
(2). These questions and issues remain contemporary. Doubt-
less, Dean Everitt was influenced especially by the pro-
grammed logic for automatic teaching operation (PLATO)
project on his own campus, led by Professor Donald L. Bitzer
in the Department of Electrical Engineering (3). In 1960,
Bitzer demonstrated the first version of PLATO as one termi-
nal connected to Illiac I (2–6). The initial stated purposes of
the project were to investigate the potential role of the com-
puter in the educational process and to design an economi-
cally and educationally feasible educational system. Bitzer
and his colleagues were therefore among the first to address
what remains the fundamental question in computer-aided
instruction: ‘‘How can we use computers to improve education
effectively and inexpensively?’’ (In this article, computer-
aided instruction is a broad term that encompasses almost
any reliance on computers and networks in learning environ-
ments. It encompasses such terms as computer-assisted in-COMPUTER-AIDED INSTRUCTION
struction and computer-based learning.)

From the beginning, PLATO served both on-campus andLearning engineering, as a student or as a practitioner, has
always required intense participation by the learner. Engi- distance learners. By 1975, the PLATO IV system consisted

of over 900 terminals at 146 different sites, some across theneering faculty traditionally have assigned homework prob-
lems, conducted problem sessions, answered questions, and United States and Canada and some on campus. The PLATO

terminals consisted of a special transparent plasma displaytutored students one-on-one, and of course given quizzes, all
as means of providing feedback for their students, and panel (512 � 512 dot matrix) with a touch screen that could

superimpose computer-generated output on photographicthereby increasing the intensity of interactivity in the learn-
ing environment. Despite the recurring impression that labo- slides or movies projected through the rear. Audio and even

laboratory apparatus could be incorporated, as well. PLATOratories mainly develop practical technical skills in students,

J. Webster (ed.), Wiley Encyclopedia of Electrical and Electronics Engineering. Copyright # 1999 John Wiley & Sons, Inc.



COMPUTER-AIDED INSTRUCTION 649

Figure 1. A learner interacts with the
seminal PLATO network (PLATO IV)
through a graphical interface and a touch
screen, circa 1975. (Courtesy of Prof. Don-
ald L. Bitzer.)

IV, funded in part as a demonstration project for computer- then personal computers undermined the cost and capability
advantages of mainframes. Simply stated, PLATO proved toassisted learning by the National Science Foundation (NSF)

and commercialized by Control Data Corporation, ultimately be too expensive.
The second concern was that lessons for use on PLATO,offered approximately 8,000 h of instructional material, pre-

pared by about 3,000 authors, in subjects that included elec- and another large computer-aided learning NSF demonstra-
tion project known as time-shared, interactive, computer-con-trical engineering, computer science, classical mechanics, ac-

counting, astronomy, geometry, biology, chemistry, algebra, trolled information television (TICCIT), took too long to pre-
pare. When completed and implemented, most failed toforeign languages, law, medical sciences, library science,

agronomy, and elementary reading (Fig. 1). achieve the results anticipated for interactive computer learn-
ing environments (5,6). Despite notable exceptions (6,7),The scope of the PLATO vision is indicated by the proposal

for 1,000,000 terminals, most in elementary and secondary much of the educational material developed for PLATO and
TICCIT used the computer mainly to check specific answersschools, in a PLATO V system by 1980–81. To attract enough

users to be economically feasible, PLATO V was to include e- entered as a learner moved along an inflexible learning path.
Such a format, mainly drill and practice, was straightforwardmail, on-line library card catalogs, graphics, and games, as

well as access to on-line computation and interactive learning to program, but achieved little of the complex interactive
learning environments good teachers were accustomed to pro-environments. As far as functionality is concerned, the

PLATO V proposal resembles an early version of the World viding, albeit labor intensively, for their students. For their
part, learners found much of the software for PLATO andWide Web (WWW), though confined to a few mainframes and,

therefore, tiny in size by comparison and more starlike in its TICCIT boring.
The most worrisome problem in developing computer-aidedconnective topology.

PLATO V was never implemented, however, because of instructional materials for PLATO and TICCIT was that psy-
chological and educational theories at that time gave littletwo evident concerns. The simplest to address is cost. From

very early in the PLATO project, the goal had been to provide guidance about how to use computers to construct intensively
interactive learning environments. The disappointing resultslearning through the use of computers at costs comparable to

the cost of classroom instruction. The PLATO strategy was to from these large and well-funded projects, as well as disap-
pointment in the richness of the educational materials theyemploy centralized mainframes for the necessary computing

power and rely on relatively simple terminals, connected to produced, was thus doubly frustrating because the available
theoretical framework offered few suggestions about how re-the mainframes by high-speed telephone links, to give stu-

dents access to the PLATO learning environments. This strat- sults might readily be improved.
After the reported investment of more than $900 millionegy sought to exploit the economies of scale available at that

time in purchasing and maintaining large computers in com- by Control Data Corporation, PLATO never became profitable
(5). PLATO nevertheless represented a grand vision of whatparison with those costs for smaller computers. The PLATO

strategy became less appropriate, however, as communication might be. Some forces and concepts it spawned and the con-
tinuing elaboration and development of its vision were centralcosts proved larger than expected and minicomputers, first,
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to developments in computer-aided instruction decades later. mainly drill and practice and hence neglected a large number
of important interactive learning possibilities and, perhapsSome, for example, point to the interaction between thou-

sands of PLATO authors and the PLATO staff as the first most damning, both students and teachers often found them
boring once the newness wore off.sizable on-line community (8).

As far as computer-aided instruction is concerned, how- Earlier efforts to strengthen the theoretical foundations of
computer-aided instruction continued and gained momentumever, the main legacy of PLATO (and TICCIT) is the begin-

ning of focused and continuing efforts to address the funda- with the participation of more people, attracted by the tanta-
lizing possibilities of desktop computers (11). In practice,mental question, ‘‘How can we use computers to improve

education effectively and inexpensively?’’, still the central much of the work that produced materials for computer-aided
instruction on desktop computers, especially in engineering,question for computer-aided instruction. The question never

has been answered definitively and, even if it had been, the simply ignored theory and relied instead on authors’ intu-
itions, not necessarily a bad approach under the circum-answer would have been short lived, outdated by rapid devel-

opments in technology and in the improving understanding of stances. In engineering education, two broadly applicable tac-
tics emerged: drill and practice and simulation.the nature of learners who use computers in the hope of bet-

ter progress. Grappling with a question whose answer
changes constantly is a task not all would favor to address. A Drill and Practice
confluence of economic, social, and political factors, however,

The drill and practice approach, popular during the PLATOmakes the application of computers in education increasingly
and TICCIT projects, uses the computer for direct checking ofinevitable and therefore makes addressing the fundamental
specific responses entered by learners. The sheer volume ofquestion, first addressed by the PLATO workers, inevitable
computer-aided instructional material that abuses the drillas well (9,10). Contemporary approaches to the fundamental
and practice technique, admittedly of limited power and ap-question, fortunately, benefit considerably from the very fac-
plicability, has given the drill and practice approach a reputa-tors, developments in technology and improving understand-
tion that is worse than it deserves. Drill and practice exer-ing of learners, that drive changes in the answer. The follow-
cises often can help learners achieve rudimentary competenceing sections explore developments on these fronts.
in a subject before moving on to its more challenging aspects.

Contrary to abundant folklore, drill and practice exercises
need not be boring. In electrical engineering, a drill and prac-LEARNING ENVIRONMENTS ON DESKTOP COMPUTERS
tice program that is widely used with good effectiveness is
CircuitTutor�, developed by Oakley and marketed by a com-The emergence of desktop computing can be viewed as a fire-
mercial publisher (12). CircuitTutor integrates drill and prac-storm much like the one for automobiles and roads initiated
tice exercises into tutorials on various aspects of elementaryby Henry Ford’s Model T automobile. Early desktop comput-
circuit theory, as typically taught in the first course on cir-ers relied upon inexpensive mass-produced components to
cuits in an electrical engineering undergraduate curriculum.achieve modest functionality at low cost. Just as people often
After selecting the tutorial on writing node equations, for ex-preferred independent control of a personal automobile to typ-
ample, learners either can choose to enter numerical answersically speedier mass transportation, people often preferred a
to a number of problems with parameter sets generated bydesktop computer that they controlled to the inconvenience of
the computer or can choose a step-by-step approach that be-accessing the power and speed of a mainframe. The firestorm
gins with their entering the appropriate node equations ineffect occurred as increasing demand for desktop computers
symbolic form. In the step-by-step route, the tutorial leadsdrove prices down and functionality up, which in turn at-
the student to write the equations in symbolic form, to findtracted numerous talented authors of software whose soft-
numerical solutions to the equations and, perhaps, to use theware increased demand even more.
results to find the maximum power that can be supplied by aPerhaps the most important impact of desktop computing
pair of terminals of the circuit. In the step-by-step approach,on computer-aided instructional was to increase dramatically
incorrect answers must be corrected before proceeding to thethe number of workers and hence the amount of experimenta-
next step. Even this brief description of CircuitTutor revealstion. The availability of increasingly powerful and inexpen-
a degree of flexibility and sophistication that helps accountsive desktop computers led to almost startling penetration of
for its widespread acceptance and success despite the inescap-computing into industries and universities, as well as elemen-
able limits of its drill and practice approach.tary and secondary schools and homes. The sheer number of

In a portion of ELECSIM, a learning environment for un-desktop computers, far larger than the seemingly incredible
dergraduate electrical engineering students enrolled in the1,000,000 terminals in the unimplemented PLATO V pro-
first course in analog electronics, Marcy and Hagler have ex-posal, presented unprecedented opportunity for computer-
tended the drill and practice approach to evaluation of an-aided instruction. However, development of computer-aided
swers to problems that do not have unique answers (13). Spe-instruction with desktop computers, beginning in the late
cifically, learners enter component values for a specified1970s near the end of the PLATO and TICCIT projects, also
circuit (such as a voltage amplifier) that cause the circuit tobenefited little from psychological and educational theories as
meet computer-generated performance specifications (fre-far as guidance about how to construct effective learning envi-
quency response, gain, and input and output impedances, forronments with computers was concerned. As a consequence,
instance) and to satisfy certain design rules available to thethe learning environments produced for desktop computers
learner. In one example, the computer checks that the tran-suffered basically the same complaints and criticisms as those
sistors in an audio amplifier are appropriately biased (ac-directed at mainframe learning environments: they were ei-

ther ineffective or effective only unpredictably, they were cording to the design rules), that the open-circuit voltage gain



COMPUTER-AIDED INSTRUCTION 651

and the output resistance for the amplifier are appropriate reprise the derivation until the disagreement is resolved. The
learners thus take responsibility for assessing and correctingfor the design constraints, and, again according to design

rules, that coupling capacitors are neither too large nor too their work, a most valuable and productive activity. Engel
developed SPLICE software that combines the schematic cap-small. If the learner enters parameter values that lie outside

ranges required by the design rules, advisory messages to the ture capability of PSpice and the symbolic manipulation capa-
bility of Waterloo Maple V to provide a simple means forlearner appear on the screen. Checking the consistency of en-

tries with a set of design rules in this manner requires no learners to obtain analytical answers with which to compare
their own results (15). By simply drawing a circuit schemati-more than simple branching constructs in the software.
cally and selecting a pair of terminals, SPLICE generates
mathematical expressions for the Thevenin voltage and im-Simulation
pedance of the circuit for those terminals, for example.

The simulation approach to computer-aided instruction often SPLICE thus provides learners a convenient means of evalu-
has relied on simulation software to simplify a complex pro- ating their own symbolic analyses of circuits.
cess so that a learner could concentrate on only a few salient
aspects during the learning process. In engineering, labora- Graphical User Interfaces and Multimedia
tory simulations have proved useful in preparing students for

In addition to multiplying the number of people exploring thephysical laboratories, although it is possible to use them
use of computers in teaching, the emergence of powerful inex-apart from a physical laboratory as well. Mosterman, Camp-
pensive desktop computers with graphical user interfacesbell, Brodersen, and Bourne developed the electronic labora-
(GUIs) and multimedia capabilities has transformed thetory simulator (ELS) system, for example, which includes
learner interface to computers. The learner interaction of-simulations of nine laboratories for a course in electronics
fered by contemporary desktop computers was simply un-(14). Topics range from Thevenin’s theorem to operational
thinkable during PLATO’s heyday. Furthermore, the exten-amplifier implementations of multiple-pole filters. In each
sive application of desktop computers for presentations in thelaboratory, learners assemble circuits for simulation by drag-
business community has stimulated the development of pow-ging and dropping graphically realistic components onto a
erful and inexpensive software tools for easy creation of com-graphically realistic breadboard. Learners make measure-
plex interactive presentations. The difficulty is that thisments on the circuit by connecting graphically realistic in-
power can be dangerous for creators of learning environ-struments, such as an oscilloscope, to the circuit. Learners
ments. Just as in the early days of desktop computing theuse their mouse to adjust the instrument controls on a close-
newfound ability to experiment with countless fonts led toup image of the instrument. Each laboratory includes an in-
rampant publication of nearly unreadable newsletters in thetroductory tutorial and context-sensitive on-line help.
proverbial ransom note font, the multimedia capabilities ofMore generally, powerful and realistic simulators can en-
contemporary desktop computers can ruin the effectiveness ofrich the learning environment by helping the student to learn
learning environments by confusing and distracting, ratherself-assessment of solutions to open-ended problems. The cir-
than supporting, both creators and learners. Avoiding suchcuit simulator PSpice, for example, is used widely in both in-
pitfalls in developing a learner interface is a matter of design-dustry and academia for simulation of analog and mixed ana-
ing to provide as much richness as the learning environmentlog and digital circuits. A free evaluation version limited to
can support without confusing the learner. Fortunately, prin-small circuits is available for use by students on their per-
ciples of graphical user interface design have emerged thatsonal computers. Using PSpice, a student can check the per-
can guide the development of effective interfaces (16,17). Per-formance of a design attempt against design specifications
haps the best simple rule in interface design is to make anand revise the design as necessary to achieve the specified
interface to the learning environment that focuses the learn-performance without direct involvement of the teacher. The
er’s attention on the learning environment, not the interface.learner not only receives immediate feedback about the suc-
If the interface either distracts the learner with unnecessarycess of the design (at least within the accuracy limits of the
bells and whistles or obstructs attention by frustrating or con-simulator), but also gains invaluable experience in self-
fusing the learner, then the learner interface is a failure andevaluation of work on open-ended problems that have no
must be reworked.unique solution. The iterative interplay between the learner

and the simulator creates a powerful real-time interactive
Electronic Books and Tutorialslearning environment without real-time participation by the

teacher. Electronic books and tutorials for desktop machines typically
Any topic for which a useful simulator is available is a rely on some combination of drill and practice, simulation,

good candidate for interactive instruction in engineering edu- and multimedia to provide learners a considerably more com-
cation. Possibilities beyond circuit and logic simulators in- plex learning environment than is possible with printed mate-
clude any numeric simulation software, as well as compilers rial. Doering, for example, has combined circuit simulation,
(for computer language instruction), which, strictly speaking, video, audio, graphics, and text in a tutorial that helps learn-
are not simulators but indeed the real thing. Symbolic manip- ers visualize the dynamic behavior of circuits (18). Harger
ulation programs are, in a sense, symbolic simulators in that constructed a hyperlinked interactive book in which Mathcad,
learners can compare their results from symbolic calculations an inexpensive but powerful and widely used commercial
with the results from the symbolic software. In circuits, for mathematical analysis package, is used to achieve an inter-
example, a Thevenin equivalent circuit might be derived ana- active learning environment for a course in digital signal pro-
lytically by the learner and checked with a symbolic manipu- cessing (19). Learners can experiment by modifying the exam-

ples and seeing the consequences immediately. Woodlation program. If the result is incorrect, then the learner can
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developed interactive tutorials for digital logic design, digital Because of these advantages, WWW-based tutorials and
interactive learning environments began to appear in thesignal processing, and engineering mathematics that aim spe-
mid-1990s. Schodorf, Yoder, McClellan, and Schafer, for ex-cifically at helping learners integrate conceptual fragments
ample, established a WWW home page for a digital signaland thereby achieve a deeper understanding of basic con-
processing course taken as the first course in electrical engi-cepts (20).
neering by students at Georgia Institute of Technology (22).
The home page gives students access to demonstrations with
video and audio files, Matlab quiz problems for review andLEARNING ENVIRONMENTS ON NETWORKS
drill, and interaction with each other via a newsgroup devoted
entirely to the course. Material from the WWW site for theAlthough a number of successful interactive engineering
course, recorded on a CD-ROM that can be viewed with alearning environments for stand-alone desktop computers be-
WWW browser, accompanies a textbook (23).came widely available, the collection of available environ-

Sears and Watkins developed a multimedia manual for aments failed to exhibit anything like the variety in interactive
telecommunications setup and placed it on the WWW (24).strategies traditionally provided to students by teachers of
The manual makes extensive use of hypertext markup lan-engineering. On a more pragmatic level, developers of inter-
guage (HTML) image maps to permit users to click on a com-active learning environments for desktop computers encoun-
ponent in a photograph to access, for example, a close-up viewtered two inhibiting limitations. First, a learning environ-
of a printed circuit board from a different perspective, as wellment on an isolated desktop machine, or even one on a local
as obtain further technical details about the component. Anarea network, could access and incorporate only a limited va-
interesting feature is the possibility of incorporating on-lineriety of resources in comparison with a mainframe environ-
information made available by the manufacturer of thement. Second, the mixture of MS-DOS Windows, Macintosh,
equipment.and UNIX operating systems on desktop computers required

CyberProf was initiated at the University of Illinois by Hu-preparation of multiple versions of a learning environment
bler in 1994 with the notion of updating and expanding theif it were to be readily accessible to the majority of desktop
functionality of PLATO through WWW technology and a moremachines. These limitations significantly impeded the devel-
robust and intelligent human-computer interface based onopment of interactive computer-aided instructional environ-
complexity theory (25). Specifically, CyberProf is designed toments for desktop computers.
support teachers’ efforts to integrate lecture notes, labora-The explosive development of networks, especially the In-
tories, and homework into a cohesive package. Students, whoternet and the WWW, provided a widely available means of
access the learning materials with a standard WWW browseraddressing the limitations of both isolation and operating sys-
configured to accommodate common multimedia file formats,tem incompatibility for desktop computers. For example, the
can solve problems and receive immediate feedback ‘‘from aInternet permits users of Oakley’s CircuitTutor tutorial soft-
sophisticated grading package that makes use of the latestware described earlier to submit homework assignments and
complex systems data analysis tools to handle ambiguous in-

quizzes electronically to an Internet server, which automati- put in an intelligent manner.’’ The grading package analyzes
cally runs a grading program and returns the results to the the learner’s work and determines errors in arithmetic, sign,
user (12). Bulletin board software permits students, faculty, and units and then provides hyperlinks to appropriate help.
and teaching assistants to discuss problems and questions re- The grading package also can check symbolic expressions in-
lated to the class and therefore function as a virtual learn- cluding, for example, differential equations. The pages with
ing community. problems for students contain hyperlinks to relevant lecture

The availability of unlimited access to the Internet at low notes and help files. Special tools permit the students to draw
monthly rates, of inexpensive powerful desktop computers, images and create animations. Integrated conferencing soft-
and of multimedia WWW browsers for all popular operating ware provides communication among the students, the
systems means that an increasing fraction of students and teacher, and teaching assistants. Controlled access to an on-
practicing engineers have ready access to the WWW, regard- line grade book indicates the student’s progress. CyberProf
less of the operating system for their machine. The WWW provides specialized HTML editors for constructing lecture
thus provides a de facto standard for writing and providing notes and problem sets. CyberProf is implemented on a server
access to computer-aided learning environments, independent as a package of Perl scripts and C routines that respond to
of the operating system. Such a cross-platform standard pro- input from students and teachers submitted via ordinary
vides access for a large number of potential users and hence HTML forms. By 1997, courses at the University of Illinois
establishes a strong incentive for the development of learning that use CyberProf included offerings in physics, chemistry,
environments (21). The number of potential users on the biology, and economics, with courses under development in
WWW dwarfs even the erstwhile incredible 1,000,000 termi- several other areas, including electrical engineering.
nals envisioned for PLATO V. Moreover, it makes available a In 1997, commercial publishers began to offer on-line
variety of resources for incorporation into computer learning course packages for several computer languages. The pur-
environments that is larger even than that available, before, chaser of the package, sold at bookstores, receives a textbook,
on mainframes. At the same time, the WWW restores the an ancillary CD-ROM, and, at no additional charge, entry to
promise, dating from the days of PLATO, of efficiency that a WWW site that provides access to peer discussion groups, a
results from using the same computer-aided instructional list of frequently asked questions and responses, a tutor (who
materials to provide on-site on-demand access to complex answers a fixed maximum number of additional questions for
learning environments for both on-campus and distance each subscriber), and on-line examinations. Some universities

began to offer degree credit for courses offered over thelearners.
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WWW. In the late 1990s, a few complete degree programs sponsibility for learning most of what they need to learn out-
side normal class meeting times. This approach is a majorbecame available over the WWW and offerings were increas-

ing rapidly. reason why college students typically spend less than half the
time in class than high school students spend. In college,The National Engineering Education Delivery System

(NEEDS) maintains a database of noncommercial curricular therefore, the teacher spends much of the class time ex-
plaining to students what they should learn. Then the stu-materials in electronic form on the Internet and hence pro-

vides a means of finding and obtaining materials for com- dents leave class and learn the material, usually with the
help of other students and perhaps with the help of theputer-aided instruction in engineering as they are developed.

NEEDS includes material for stand-alone desktop computers teacher or an assistant, study groups, and, perhaps, inter-
active tools such as computer-aided instruction. This ap-and, increasingly, materials for use on the WWW (26).

The World Lecture Hall, maintained on the WWW, con- proach leads to the oft-stated rule of thumb that college stu-
dents should spend approximately two hours outside classtains links to pages created by faculty worldwide who are us-

ing the WWW to deliver class materials. Information is classi- studying and learning the course material for each hour spent
in class.fied according to subject and includes course syllabi,

assignments, lecture notes, exams, class calendars, and mul- The principle that underlies this approach is that post-sec-
ondary-school students should learn to take responsibility fortimedia textbooks (27).

Perhaps the most important conceptual contribution of the learning the specified material as a step toward lifelong learn-
ing in the real world. In the world of practice, they must as-WWW to computer-aided instruction is the perspective of an

open learning environment in which there are few limits on sume not only the responsibility of learning whatever they
need to know, but of deciding what they should learn as well.the types, quantity, or location of materials that can be incor-

porated. Before the WWW, it was easy to think of learning From this perspective college serves students as a kind of
half-way house between learning in the highly structuredenvironments as circumscribed by a few computers on a local

network or even by a single machine, but this is no longer high school environment and learning in the real world after
they leave college.true.

Note that focusing on changing engineering education by
changing the classroom (for which the need for improvement

APPROPRIATE APPLICATION OF COMPUTER-AIDED
seems inarguable) misses the largest target for reform: the

LEARNING ENVIRONMENTS
two-thirds of the course time that students spend studying
and learning the material outside class. It is this time outside

Widespread availability of desktop computers and pervasive
class that should be a prime target for interactive instruc-

access to the Internet and the WWW give teachers unprece-
tional environments, computer-aided instruction, collabora-

dented choice about how to deploy computer-aided learning
tive learning, teamwork, and many other approaches that fo-

environments. Once, computers at universities were available
cus on the learner. It is, after all, outside class that most

mainly in special on-campus computer laboratories. This loca-
learning occurs during college courses.

tion limited the use of computers both in the classroom and
An obvious rejoinder is that teachers in college should

at home. Access to desktop and laptop computers and to the
spend less class time laying out the material to be learned

Internet removes these constraints and presses the recurring
and more time conducting learning activities related to the

question about where and how computers best can aid learn-
content of the course. Such a change suffers from two diffi-

ing. These dramatic changes in technology, the demands for
culties: one pragmatic and one philosophical.

more student-oriented approaches to learning on campus and
From a pragmatic perspective, encroaching on class time

indeed fundamental changes in the structure of engineering
for extensive in-class learning activities means decreasing

education, as well as calls for improved opportunities for dis-
course content or interfering with other functions of the class

tance learners, all mean that the fundamental question of
meeting, discussed later, unless either efficiency in presenting

computer-aided instruction, ‘‘How can we use computers to
the material to be learned increases dramatically or the time

improve education effectively and inexpensively?’’, must be
spent in class increases. Universities are unlikely to invest

approached with a careful understanding of basic strategies
more resources in providing increased time in class in view of

in engineering education. Otherwise, it is easy to lose per-
widespread calls on them from many of their customers to

spective and, as a consequence, spend lots of time and money
increase institutional productivity. Even dramatic gains in ef-

to achieve disappointing results.
ficiency of presenting the material are unlikely to make avail-
able enough time to reduce significantly the two hours or so

Responsibility for Learning
of time students need to spend on learning outside the class-
room after each class meeting.Teachers at the college level adopt, intentionally, a funda-

mentally different strategy of instruction than teachers in From a philosophical perspective, implementing these
learner-centered approaches to a significant degree duringsecondary school, or high school. In high school, the teacher

lays out during class what the students are expected to learn class time emphasizes learning supervised by the teacher
rather than helping learners accept responsibility for theirand then directly supervises the learning, most of which oc-

curs also during class meetings. Although work outside class own learning activities. Directing instructional reform pri-
marily at class meetings, therefore, not only misses the larger(homework) is a part of high school education, most learning

occurs during class. In college, the teacher still lays out dur- part of the course (outside class) during which most learning
in college occurs, it also jeopardizes the success of efforts toing class what students are expected to learn but expects that

only a small part of the learning takes place during the class help students learn to accept responsibility for a lifetime of
learning on their own.meetings. Teachers expect college students to accept the re-
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The Class Meeting ficult to justify. In particular, it is exceedingly difficult to jus-
tify the use of class time for the teacher to transcribe notes

If most learning in a collegiate course occurs outside the
on the board as the students transcribe them (incompletely

classroom, a logical question is, ‘‘Why ask the students to
and inaccurately) into their notes. Any modest cognitive bene-

meet together at all?’’ Perhaps the major attractive feature of
fit learners might derive from the transcription process surely

a class meeting is the efficiency it affords the teacher in deal-
can be outstripped by suitably challenging problems or proj-

ing simultaneously with a large number of students. As men-
ects they pursue outside the classroom.

tioned earlier, the class meeting permits the teacher to de- It is important to note, however, that a judicious combina-
scribe to the students, simultaneously, what it is they should tion of the lecture method and the distribution of information
learn. In addition, class meetings can offer efficient means of electronically can permit the teacher to devote much more
communicating to all students in the class answers to ques- time during the class meeting to motivating students, dis-
tions of common interest, of administering examinations si- cussing relevant issues, and answering questions than use of
multaneously, of collecting student work, and of handling nec- the traditional lecture method alone. The class meeting time
essary organizational details. The class meeting also provides saved also can permit the teacher to introduce some student-
special opportunities for motivating students through, for ex- centered learning approaches during the class meeting time.
ample, presentation of supplemental material by the teacher, The objective in doing so, however, is not to make it unneces-
class participation by the students, and interaction with the sary for students to use these approaches outside the class
teacher. Class participation can range from informal group meeting time, but to improve the efficiency with which stu-
discussion to the once-popular approach of requiring several dents use them outside the classroom.
students to work example problems, simultaneously, in front Accessing and reviewing some, but certainly not all, of the
of the class and the teacher (as a reasonably efficient, if some- course material located on servers can prove useful during
what intimidating, means of demonstration, correction, and the class meeting in a suitably equipped classroom. Given
motivation). that most learning occurs outside the classroom, however, in-

The fundamental purpose of the class meeting, however, is vestment in classrooms that provide a computer in front of
to prepare students to learn efficiently after they leave the each student is difficult to justify, especially given the contin-
class meeting. From this perspective, the class meeting is uing expense of maintaining up-to-date computers in such
analogous to a staff meeting in the business world: the meet- classrooms. Students’ computers, in contrast, are a renew-
ing itself accomplishes little of the work that needs to be done, able resource.
but permits communication, planning, and coordination that
help the participants accomplish their work after the

Learning Outside the Class Meetingmeeting.
From this viewpoint, nothing is fundamentally wrong with If most of the learning in a collegiate course occurs during

the oft-criticized lecture method. Until recent times, the lec- the two-thirds of the course that lies outside class meetings,
ture method arguably has been one of the most time-efficient teachers must consider how to design learning experiences for
means available to teachers for communicating, within a lim- students outside the classroom that help them make the best
ited time, to students what they are to learn. Much of the use of that time. Traditionally, most engineering teachers
criticism directed toward the lecture method apparently have paid far less attention to designing, carefully, learning
stems from belief that the primary purpose of class meetings activities for students outside the class meeting time than
is to provide a time for students to learn rather than a time they have to designing the class meeting time, despite the
to prepare them to learn outside the classroom. From another fact that students are supposed to spend twice as much time
perspective, much of the criticism of the lecture method seems on the course outside the classroom as they do within it.
to be based on confusion between the supervised learning Common approaches to fostering learning by the students
strategy practiced by teachers in high school and the strategy, outside the classroom include assignments of reading and
used by teachers in college, of helping students (indeed re- homework. Unembellished, both of these approaches fail to
quiring students) to become independent learners. provide intensely interactive learning experiences that stu-

The recent widespread availability to teachers of inexpen- dents appreciate and, increasingly, demand. In practice,
sive, and easy-to-use, software for word processing, graphics, homework assignments often turn out to be largely a waste
presentations, simulation, spreadsheets, symbolic manipula- of time for both the student and the person who evaluates
tion, and multimedia and that of desktop and laptop comput- them. Consider the following situation. The teacher assigns a
ers to students means that placing material to be learned in homework problem, due one week later. The night before the

assignment is due, students consider the problem for a time,files on disks or on networks (especially the WWW) permits
distribution of more detailed, accurate, and timely informa- take a shot at providing a solution and submit it the next

morning to see if they got it right. The teacher carefully stud-tion than could possibly be accomplished through the tradi-
tional chalk and blackboard use of the lecture method. The ies, corrects, annotates, and grades the papers in time to re-

turn them to the students during the very next class meeting.traditional lecture method’s days as the predominant teach-
ing mode, therefore, are threatened not so much by its lack By that time, the students have focused their attention on

other matters and lost almost all interest in the problem.of interactivity in comparison with collaborative learning and
other student-centered approaches to learning, but by its re- They probably never read the careful corrections and admoni-

tions provided by the teacher. In short, few students assumecent relative inefficiency in presenting the material to be
learned in comparison with techniques that exploit informa- ownership of typical homework to the point of committing to

self-evaluation of their work. Instead, they make a quick passtion technologies. Exclusive use of the traditional lecture
method during class meetings is, therefore, increasingly dif- at a solution and send it off for evaluation by someone else
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whose evaluation cannot possibly reach them in time for due Implications for Distance Learning
consideration. If two-thirds of a typical on-campus course occurs outside the

What students need to improve their efficiency in learning class meetings, the good news for distance learning is that
outside the classroom are highly interactive learning environ- much of the material prepared to help on-campus students
ments in which they receive feedback about their work imme- learn outside the classroom applies to distance learners as
diately, while their interest is high. How can such environ- well. Computer-assisted learning environments, in particular,
ments be achieved in practice? Formal and informal problem can be readily available and useful to on-campus and distance
sessions have been conducted by engineering educators or learners alike. Especially since on-line study groups are be-
their surrogates for years as a means of providing interactive coming common, much of a course designed to provide inter-
learning environments in which students can ask for, and re- active learning environments outside the classroom for on-
ceive, immediate response to more questions than the teacher campus students should be useful to distance learners with
can entertain during the class meeting. In contrast to an ap- little adaptation.
parently widespread assumption that laboratory activities are The main difference for distance learners is in accomplish-
mainly a means of inculcating practical skills in students, the ing the functions that are carried out during class meetings
main purpose of laboratories is to provide a highly interactive for on-campus students. Specifically, the question is how to
learning environment in which learners receive immediate accomplish (1) dissemination to the students of the informa-
feedback about their work directly from experimental appara- tion that they are to learn during the course, (2) communica-
tus. Especially for electrical engineers, the cost of sophisti- tion of answers to questions of common interest to all stu-
cated electronic components has become low enough that con- dents in the class, (3) administration of examinations, (4)
struction and testing of surprisingly complex circuits and collection of student work, (5) organization of the course, and
systems assembled from parts that the students purchase at (6) motivation of the learners, perhaps through interaction
local stores can be required as hardware homework that de- with the teacher and other students.
mands no allocation of laboratory space or personnel (beyond It is easy to see how the increasingly ubiquitous Internet
a grader for the homework) by their academic department and WWW (in combination with surface mail, fax, and tele-
(28). In recent years, engineering educators have begun to en- phone) can provide all of these functions without re-creating
courage formation of study groups among students of a class. a classroom environment for the distance learner. Indeed, the
Such groups provide a potentially highly interactive, and ef- Internet is profoundly changing distance learning (30). Per-
fective, learning environment at little cost to the institution. haps providing motivation is the most difficult function to fur-
One-on-one learning sessions with the teacher, or a hired tu- nish distance learners. Fortunately, distance learners, by the
tor, can be quite effective in providing a highly interactive virtue of the fact that they have taken the trouble to become
learning environment but, unfortunately, at a high cost. Few distance learners, usually are highly motivated and may not
of these approaches offer as much promise for improving the need as much classroomlike motivation as typical on-campus
learning environment outside the classroom as computer- students. The on-line experience itself provides motivation for

some students.aided instruction. Current widely available computer and net-
Given the perspective that the class meeting is not the pri-work technology afford intensely interactive learning environ-

mary occasion for learning during a course and given thatments at any time on desktop computers almost anywhere
most functions of the class meeting can be accomplished byand, via networks, offer learners opportunity to interact with
other means, it seems difficult to justify heavy investment inthe teacher and each other, without the necessity of overlap-
two-way video links to recreate a classroom environment forping exactly in either time or space.
distance learners. Investment in enriching the environmentIn the mid-1990s, the Alfred P. Sloan Foundation initiated
in which they learn on their own seems more appropriate anda program specifically directed at learning outside the class-
productive. Recreating a classroom environment is not onlyroom to explore ‘‘new outcomes in science and engineering
expensive and accomplishes little that cannot be accom-higher education’’ made possible by affordable technology, in-
plished by alternative means, it also demands that distancecluding desktop computers, network access, CD-ROMs, and
learners congregate at a specific time and place—a severe dis-video tape (29). They began with the perspective that lectures
advantage for many distance learners. Distance learnersand study groups, and indeed most on-campus learning activi-
seem to view on-site, on-demand, highly interactive learningties, nowadays could occur without the learners and the
opportunities as the ideal. With computers on the desktopsteacher gathering at the same place at the same time through
(or laps) of most distance learners, on-site on-demand, highlye-mail and conferencing, for example. They termed this con-
interactive learning seems much more nearly achievable viacept asynchronous learning network (ALN). ALNs are in-
the Internet and surface mail materials such as videos andtended to serve both on-campus and distance learners. The
printed items than via real-time video and/or audio links.Sloan Foundation does not envision asynchronous learning

networks to require specially constructed software learning
Student and Teacher Responsibilitiesenvironments of the kind often associated with computer-as-

sisted instruction, but considers ALNs mainly as a means of Student responsibilities in a course of study are simpler to
facilitating connections among teachers and learners. Possi- describe than to accomplish. Student responsibilities are
ble outcomes of asynchronous learning networks include self- threefold: (1) find out what is to be learned during the course
paced learning, lower cost to the learners, and pursuit of of study, (2) assume responsibility for doing whatever is nec-
degrees or certifications at home. The Foundation also is in- essary to learn it, and (3) learn it.
terested in the effects of ALNs on the time required to com- Teacher responsibilities are more complicated to describe

and, perhaps, to accomplish. The most visible responsibilityplete a degree and on student retention.
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of a teacher in a college course is to introduce students en- courses of study for engineering students. In the absence of
widely accepted theories of learning and instruction, it mightrolled in the class to what is to be learned. This responsibility

may be carried out, for example, through delivering lectures, seem likely that engineering teachers would adapt familiar
approaches from engineering design to develop courses that,assigning readings in textbooks and supplemental material,

distributing handouts, posting files on network servers, and subject to constraints, help students achieve such fundamen-
tal objectives as problem solving and learning to work withproviding interactive computer-aided learning environments.

Explaining the material to the members of the class, dis- others as a team. Perhaps, however, the relative stability, un-
til recently, of the instructional paradigm for engineering ed-cussing it, and answering questions are other important re-

sponsibilities. A most important related responsibility for ucation that emerged and persisted during the decades that
followed World War II permitted the design of a course ofteachers is the following: do not assume responsibility for a

student’s learning. That responsibility must lie squarely on study to mean little more than ensuring that students are
exposed to a minimum set of technical topics. Approachesthe student to avoid subverting perhaps the most important

single objective for college students: learning how to learn based on folklore and customs learned during the teacher’s
student days too often substituted for careful explicit designwithout supervision. Another obvious responsibility of the

teacher is to evaluate the achievements of students enrolled of courses of instruction. Such a naive approach to designing
courses of instruction is always risky, but is especially likelyin the class.

Arguably the most important single responsibility of the to be ineffective during times of rapid changes in educational
approach, student preparation, industry expectations, andteacher, however, is to plan, actually to design, the course of

instruction for the class. Although the most obvious part of student expectations. Careful course design is vitally impor-
tant as courses rely more on computer-aided instruction, anthis responsibility is planning the class meetings, the most

critical, most demanding, and most easily neglected part is unfamiliar tool that, without careful forethought and plan-
ning, can fail either by running amok or alienating learners.designing that portion of the course of instruction that in-

volves the students when they are not in class meetings but Widespread application of the course design process to de-
velop courses of study in which the learning activities outside,learning on their own.

Unfortunately, most experienced teachers have the dis- as well as inside, the classroom form a coherent and effective
whole could improve the resulting course designs dramati-tressing impression that the time students spend outside of

class is singularly unproductive. Thus, an important responsi- cally by (1) focusing faculty attention on the underlying fun-
damental learning objectives for their students instead ofbility of the teacher is to design learning activities for stu-

dents that help them make the best use of their efforts out- simply the topics to be covered and (2) incorporating a greater
variety of learning approaches in engineering courses thanside the classroom instead of wasting precious time. Indeed,

the design of that part of a course that occurs outside the has been customary. Indeed, one answer to the fundamental
question, ‘‘How can we use computers to improve educationclassroom is potentially the most productive single opportu-

nity that is available to contemporary teachers for improving effectively and inexpensively?’’, is to use computers as an ex-
cuse to convince engineering faculty to plan carefully the en-learning by students. Elements available to teachers for de-

signing this part of the course of instruction include, as al- tire course of study, within and without the classroom, as a
coherent whole. If such a ploy were successful, computer-ready mentioned, study groups, student-teacher conferences,

problem-solving sessions, hardware homework, interactive aided instruction would have succeeded nicely even in courses
in which computers play no explicit role. However, success-computer software, and network communication between stu-

dents and the teacher. fully incorporating computer-aided instruction, with the
additional variables related to the relatively unexplored at-Faculties of education at universities have long advocated

explicitly designing a course of instruction subject to con- tendant networking and multimedia environments, into
courses of instruction becomes very hard without some ex-straints such as time, financial resources, student capability,

and accreditation requirements. The general process consists plicit design strategies suggested by theories of learning and
instruction.of (1) determining what students already know, (2) deciding

what students should learn, (3) identifying specific instruc-
tional approaches (lectures, collaborative learning ap-
proaches, interactive software, and laboratories, as examples) CREATION OF LEARNING ENVIRONMENTS
that may be useful, (4) synthesizing a coherent plan for stu-
dent learning that exploits these approaches, (5) selecting The major impediment to progress in computer-assisted in-

struction is less and less the cost of networking and powerfuland/or developing appropriate materials, (6) developing ex-
aminations, projects, portfolio requirements, and other means hardware, but rather incognizance about how to design effec-

tive interactive learning environments. From a naive perspec-of assessment that measure the effectiveness of the plan in
practice, (7) trying in practice what has been conceived, and tive, psychology would provide a theory of learning on which

to base a theory of instruction that would prescribe how to(8) modifying the course of study, based on the assessments,
to improve its effectiveness (31). This process of designing a design a successful computer-aided instructional environ-

ment. Reality is far different. Theories of learning from psy-course of instruction subject to constraints can be conve-
niently termed course design to distinguish it from the term chology certainly are available (32). Indeed, a major difficulty

is too many theories of learning. Most are rooted in move-instructional design, encountered later.
Although engineering faculties at universities certainly ments in psychology, such as behaviorism or cognitive sci-

ence. Seemingly endless conflicts appear among the variouscan recognize the parallels between course design and what
they term engineering design, only a few seem to apply the theories, however, mainly from uncertainties about the

domain of their respective applicability. Such uncertaintydesign process, consciously and routinely, in developing
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clearly hampers adequate verification, and widespread accep- In contrast, the TICCIT project, conducted by the Mitre
Corporation, used a much more structured production ap-tance, of the theories. Imagine the conflict and confusion that

would result among circuit theorists and electromagnetic the- proach to developing large quantities of learning materials.
Individual teams consisting of a subject matter expert, a psy-orists if the domain of applicability of each theory were not

understood. Circuit theory is a simplification of electromag- chologist, an instructional designer, an evaluator, and a pack-
aging specialist designed learning environments that care-netic theory that applies only when the wavelength that cor-

responds to the highest frequency at which the circuit will be fully controlled learner activities (5,33). Partly to achieve
production efficiency, the project chose, initially, a rules-ex-used is much larger than the largest linear dimension of the

circuit. Without this knowledge, the violation of Kirchhoff ’s amples-practice pattern as the single instructional strategy
for developing materials designed to ensure that learnerscurrent law along conductors in antennas, for example, could

produce endless confusing arguments. mastered the information in the lessons. This approach made
it easy to generate templates that permitted new lessons toDoubtless, all of the available learning theories apply un-

der some circumstances. Not understanding what those cir- be developed merely by adding subject matter to the template
rather than spending the time and effort to create a new de-cumstances are means that discovering conflicting conclu-

sions from the different theories sheds little light on how to sign for each lesson. In TICCIT, again, the attitudes and ap-
proaches of the teachers strongly influenced the success ofimprove the theories, or on the question as to whether one or

the other is incorrect in some fundamental way. Perhaps be- the lessons.
The approach to lesson development in TICCIT clearly wascause of the seemingly countless, inconsistent, unverified (un-

verifiable?) theories of learning and instruction, engineers more systematic than that for the PLATO project and hence
offered the possibility of further development into a broadlytraditionally have been largely ignorant, indeed skeptical, of

theories of learning and instruction. As a consequence, the applicable procedure that authors could rely on for guidance
in developing computer-aided instructional materials. Theapplication of theories of learning and instruction to the de-

velopment of instruction in engineering and science at the TICCIT approach, which ultimately led to what is called in-
structional systems design or simply instructional design, re-university or professional level has received scant attention

compared with the development of instruction in kindergar- lied heavily on concepts from the movement in psychology
known as behaviorism for its initial development.ten through grade 12.

Fortunately, theories of learning and instruction can pro-
vide considerable insight during course design by engineering Behaviorism. Before the mid-1950s, behaviorism was a

dominant force in psychology (5,32). Behaviorists held thateducators, despite the absence of a single widely accepted the-
ory. Exploring the available insights and exploiting them in psychology should concern behavior without consideration of

consciousness or mental models and constructs. Specifically,addressing the fundamental question, ‘‘How can we use com-
puters to improve education effectively and inexpensively?’’, they maintained that psychology should deal only with pre-

diction and control of observable behavior. Without muchhowever, requires familiarity with the various approaches,
vocabularies, and patterns of thought characteristic of these oversimplification, behaviorism can be viewed as a reaction

against not only the earlier psychological concepts of mindareas.
and consciousness, which, to behaviorists, seemed too close to
the religious idea of the soul to be the subject of proper scien-Learning Theories and the Creation of Learning Environments
tific inquiry, but also a reaction against Freud’s preoccupation

PLATO and TICCIT, the large computer-aided instruction pi- with the unconscious, the id, and the libido, which seemed too
lot experiments boosted by substantial funding from the Na- fanciful to be the subject of scientific research. From investi-
tional Science Foundation and other sources, followed quite gations with animals in simple experimental configurations,
different approaches to designing the enormous amount of behaviorists came to believe that essentially all human be-
computer-aided instructional materials that these large dem- havior, including learning, is the result of conditioning. Clas-
onstrations required. Authors of learning materials for the sical Pavlovian conditioning sought the means of achieving a
PLATO project had complete freedom as far as the types of desired response after application of a stimulus. Specifically,
instructional strategies and design procedures they employed the approach was to begin with an existing stimulus-response
(33). A basic assumption initially was that developing com- pair, such as a dog’s salivating in response to the stimulus of
puter-aided instructional materials was just a matter of auto- seeing food, and then to add a simultaneous neutral stimulus,
mating instructional techniques commonly used at that time. such as the ringing of a bell that initially would not produce
As a consequence, learning materials developed for PLATO the response. After sufficient repetition of the stimulus pair
included a diverse combination of drill and practice exercises, (food-bell) and the ensuing response (salivation), application
simulations, games, and tutorials. Although the basic as- of the initially neutral response (bell) alone, without the origi-
sumption ultimately proved wrong, the collection of PLATO nal stimulus (food), stimulated the original response (sali-
materials showed that diverse design approaches could yield vation).
useful environments and that there is no best approach, even B. F. Skinner, whose views came to dominate psychology
for a particular discipline. Authors also found it convenient in the United States for several decades, introduced an alter-
that PLATO permitted small modules to be constructed and native approach known a operant conditioning. In operant
evaluated easily and then, later, combined with others to conditioning, the frequency of a desired result, called an op-
form a larger unit. Not surprisingly, results for a specific erant, is increased if it is followed by positive reinforcement,
PLATO lesson depended dramatically upon how the teacher or alternatively, if undesired results are followed by negative
who used the lesson felt about it and upon how the teacher reinforcement. In animal experiments, a rat that pressed a

bar (operant behavior) would receive a pellet of food (positivechose to implement the lesson.
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reinforcement) or a pigeon that pecked a dot (operant behav- ple, developed models of cognitive development that helped
teachers understand the cognitive readiness of students forior) would receive some grain (positive reinforcement). In op-

erant conditioning, notice that a stimulus can be absent or, if different types of learning, such as dealing with abstractions
and hypotheses (5,32).present, may be unknown or ignored.

From a Skinnerian perspective, traditional instruction em- During a decade beginning in the mid-1950s, the cognitive
perspective eclipsed behaviorism in psychology, and cognitivephasized providing stimuli, through content, to the learner.

In contrast, operant behaviorism, often called simply behav- theories of learning therefore, in time, became dominant. In
contrast to behaviorism, the cognitive perspective not onlyiorism because of its ultimate dominance of the behavioral

perspective in psychology, shifted the emphasis to reinforcing emphasizes the study of mental constructs and organization
of knowledge, it concentrates on knowing rather than re-desired operants, or behavior, of the learner. With this per-

spective, Skinner developed programmed instruction, in sponding and considers people to be active, problem-solving
learners rather than passive subjects of conditioning. Al-which competence is developed in a learner by dividing the

learning process into steps sufficiently small to be easily though psychologists such as John Dewey (5) and Kurt Lewin
(5) had advocated cognitive views earlier, the influences thatachievable and by providing reinforcement when each small

step is accomplished successfully. The size of the steps is cho- favored eventual predominance of the cognitive perspective
included the translation of most works of Piaget into Englishsen to be small so that the learner experiences positive rein-

forcement as frequently as possible. The small steps in the by the 1960s, the influence of information theory as developed
by Claude E. Shannon and Norbert Wiener, and the adventprogrammed learning approach also mean that the informa-

tion can be presented and the learner response can be of the computer and artificial intelligence (5). The architec-
ture of computers, for example, suggested to cognitive scien-checked and correct responses reinforced automatically by

what Skinner called teaching machines. Skinner viewed tists that cognitive processes were as real as physiological
processes. Such information processing analogies led to earlyteaching machines as more effective in providing reinforce-

ment than teachers because they could provide reinforcement models of memory and of cognitive algorithms for making
sense of sensory information.more quickly. The concept of teaching machines shifted the

focus of applying technology to instruction from presentation The cognitive perspective took longer to affect theories of
instruction than it did theories of learning, however. Evenalone, as with films, for example, to reinforcement as well.

Empirical results for programmed instruction compared those who embraced at least some elements of cognitive sci-
ence constructed theories of instruction that produced learn-with those from conventional approaches were disappointing.

Moreover, many students found the programmed instruc- ing environments that emphasized learning by conditioning
rather than learning by problem solving and exploration.tional materials boring. As an illustration of the dynamics

that typify the interplay between psychological theories of Benjamin S. Bloom, for example, proposed a classic learning
taxonomy based on cognitive concepts but developed a mas-learning and their consequent theories of instruction, how-

ever, the programmed instruction movement persisted until tery learning approach for instruction that was essentially be-
havioral and hence proved ill-suited for encouraging diver-the late 1960s, more than a decade after adherence to behav-

iorism in psychology had waned. Thus, the concepts of pro- gent thinking and creativity (5). Robert M. Gagne also
developed a taxonomy starting from cognitive concepts andgrammed instruction and the teaching machine, obviously

ready-made for implementation on digital computers, were from it developed an approach for accomplishing learning by
achieving carefully predetermined behavioral objectivesavailable to influence significantly early large computer-aided

instructional projects, such as PLATO and TICCIT, despite (5,32). Despite conceptual cognitive influence, the initial em-
phasis on behavioral objectives resulted in learning environ-rising dissatisfaction with these concepts among psychologists

at that time. ments that suffered the limitations typical of behavioral ap-
proaches. David P. Ausubel developed a cognitive theory thatAnother behavioral theory of instruction that attracted the

attention of some engineering educators during the 1970s was foreshadows a number of later developments and, based on
the manner in which he believed learners build cognitivethe Keller plan, which focused not on programmed instruction

or teaching machines, but on personalized, self-paced, mas- structures, indicates that learning environments should begin
by introducing learners to general concepts and then proceed-tery-oriented instruction (5). Although performance on final

examinations by students who used the Keller approach typi- ing to the specific (5,32).
Over time, the choice of learning strategies has expandedcally exceeded that for students in traditional courses and

students liked the flexibility of self-paced instruction, critics far beyond those available in the initial restrictive templates
of TICCIT by relying more and more on cognitive perspectivescharged that it inevitably taught students a subservient ap-

proach to learning that, in the long run, is quite unfortunate and relying less and less on pure behaviorism. Developments
based on cognitive concepts have proceeded along several dif-because it inhibited later independent learning. Some studies

indicate increased time requirements for learning and higher ferent paths, however.
Instructional Design. Much of the particular design proce-dropout rates for students as well.

dure known as instructional design or instructional systems
design stems from the work of Gagne, and hence includes cog-Cognitive Science. In contrast to behaviorism, cognitive

psychology, or cognitive science, emphasizes understanding nitive aspects together with a substantial behavioral compo-
nent (34–37). Over the years, Gagne and others have incorpo-the role of consciousness, thinking, and reasoning in behavior

(5,32). The consequent development of cognitive models for rated more and more cognitive concepts into the instructional
design process to achieve additional dimensions in the learn-mental processes considerably expanded the possibility of pro-

viding insight useful in understanding and constructing suc- ing environments developed from this perspective. One de-
tailed account of instructional design, the most widely usedcessful learning environments. Jean Piaget, as an early exam-
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single approach to designing computer-aided instruction, is fault, before the expert actually took that step. If the learner
made a wrong prediction, SOPHIE took steps to help thegiven by M. David Merrill, who originally worked on the TIC-

CIT project (37). Beginning with concepts from Gagne and learner understand the result of the measurement.
SOPHIE II also included a game in which two learnersAusubel, authors Mengel and Adams more recently have

modified the conventional approach to instructional design by took turns inserting faults for each other to find. The learner
who was looking for the faulty component was assessed a costadapting and including concepts from software engineering to

develop a design methodology specifically for hypertext com- for each measurement. That cost increased approximately ac-
cording to the difficulty of conducting the measurement in aputer-aided instructional materials (38). Incorporating hyper-

text (a concept sometimes attributed to Vannevar Bush, an practical setting. The learner who inserted the fault, in con-
trast, was called upon to predict (higher, lower, or roughly theelectrical engineer) (39) offers the possibility of increasing the

flexibility of learning environments created through instruc- same) the result of each measurement on the circuit into
which the fault had been inserted, in comparison with thetional design and yet maintaining some of its best features.

Ausubel’s approach of moving from the general to the specific circuit without the fault, before the other learner actually
made that measurement. The game was complex in that theis compatible with the top-down design approach central to

software engineering. score of the learner who inserted the fault depended upon the
product of the percentage of successful predictions (made byDespite impressive expansion of its scope, critics of in-

structional design complain that the resulting environments the learner who inserted the fault) about the measurement
and the cost of the measurements (made by the learner whoachieve too little of the complexity and diversity that is

readily envisioned for interactive learning environments must find the fault). If you were the learner who inserted the
fault, the winning strategy was to insert faults with the mostafter, say, browsing the WWW. Perhaps the difficulty is that

instructional design emphasizes highly controlled and there- complicated consequences that you could understand and, of
course, increase your understanding of the circuit so that youfore in some sense closed, or at least highly circumscribed,

learning environments. could insert faults with more complicated consequences to
better thwart scoring by the other learner. When teams of twoIntelligent Tutors. Developers of intelligent tutors, based on

applications of artificial intelligence in learning environ- rather than individuals played the game, debates between the
partners regarding the next move provided valuable insightments, seek to apply cognitive science directly to computer-

aided instruction (5,6,16,33,40–42). The tutors typically into the thinking strategies of the learners that otherwise was
difficult to obtain.maintain separate complex internal models of the learner and

an expert and include a tutoring component that relies on the SOPHIE III represented an attempt to move away from
simulation-based (SPICE) expertise about circuits to a morelearner and expert models in selecting a course of interaction

with the learner. In one simple approach, the learner is mod- flexible representation of such expertise. For pedagogical pur-
poses, explaining the basis of a result to a learner can be criti-eled as knowing a strict subset of what the expert knows.

Learning progress is indicated by the size of the subset in cally important, but simulations provide little information
about the causality on which their inferences lie. SOPHIE IIIcomparison to the set of what the expert knows. Such a model

obviously cannot take into account the mistaken knowledge explored replacing the circuit simulator with qualitative, or
causal (rule-based), models so that it could better follow thethat the learner ‘‘knows.’’ One means of avoiding this and

other problems in constructing a model for learners is to elim- activities of a learner and then provide coaching rather than
merely answering specific questions posed by the learner orinate the learner model and permit the learner to interact

with the expert model through a mutual exchange of ques- by giving demonstrations. In the end, the expertise for elec-
tronics troubleshooting proved to be difficult to accommodatetions and answers. An early classic example of this approach,

the sophisticated instructional environment (SOPHIE), successfully in a causal model, and workers pursued applica-
tion of such models to develop coaches in other fields. SHER-sought to teach troubleshooting of relatively complex elec-

tronic circuits as a means of transforming classroom knowl- LOCK, a more recent intelligent tutoring system for elec-
tronic troubleshooting, employs software object techniques foredge about electronics into intuitive, experiential knowledge

(6,33,42–44). managing complexity in the expert component of the tutor
(45).SOPHIE I and SOPHIE II combined a powerful natural

language interface, an inference engine and an early version Although SOPHIE II was used in an actual short course,
application of SOPHIE and subsequent intelligent tutoringof the circuit simulator called simulation program with inte-

grated circuit emphasis (SPICE) to realize a learning environ- systems for instruction has been limited. While some educa-
tors question whether intelligent tutors, by their very nature,ment that contributed significantly to the credibility of intelli-

gent tutoring systems. The circuit simulator SPICE can provide the learner-centered environments that promise
greater effectiveness in learning, the use of intelligent tutorsfunctioned as the expert module. To SOPHIE I’s capability

for addressing natural language questions posed by learners, in actual learning environments appears to have been limited
mainly by the immense effort required to write the necessarySOPHIE II added an articulate expert to give demonstrations.

With this capability, a learner could insert a fault (replace- software. The rare deployment of intelligent tutors in actual
learning environments also reflects the circumstance thatment of a good component with a faulty component) into the

circuit and watch the articulate expert explain its strategy studies of intelligent tutors are directed as much towards im-
proved understanding of certain aspects of cognitive scienceas it tracked down the problem. During this troubleshooting

process, the learner was asked to make qualitative predic- as towards successful instruction.
Learning Styles. Beginning with the work of Piaget, Dewey,tions (higher, lower, or roughly the same) about the result of

each measurement on the circuit into which the fault had and Lewin, David A. Kolb developed the concept that differ-
ent learners prefer different learning styles in building thebeen inserted, in comparison with the circuit without the
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mental or cognitive constructs associated, in the cognitive active learning environments that encompass manifold stimu-
lation of the learner. Elaborate theories of instructionperspective, with learning (46,47). For example, some stu-

dents find it easier to relate to facts and data while others ostensibly based on current knowledge of brain biology, how-
ever, are premature and not supported by experimental un-prefer to deal with theories and mathematics. Some find it

easier to deal with information visually, in pictures or dia- derstanding of the brain (49). Specifically, classification of
learners as either right-brain (analytic-verbal) or left-braingrams, for instance, although others learn more easily from

written or spoken information. Some students prefer to learn (holistic-spatial) is simplistic, although learning environ-
ments designed to stimulate and exercise both sides of theby interacting with other students. Some prefer to learn

alone. Kolb holds that learning improves when learners pur- brain may be useful merely because of the inevitable complex-
ity they involve.sue all styles of learning, not merely their individually pre-

ferred styles. Some engineering educators conclude that, in Neurophysiology holds great promise for ultimately clarify-
ing and providing bases for theories of learning and instruc-practice, professionals must learn in all of the styles (48).

From either perspective, it follows that learning environ- tion. For now, however, the links between it and theories of
learning and instruction are tenuous.ments should help students develop learning skills in the

learning styles they do not prefer as well as in those that they
do. This presumption leads to the concept of teaching around Constructivism. Although instructional design provides au-

thors with fairly specific design procedures for computer-the cycle to help learners experience learning in the various
styles. Computer-aided instruction seems to offer the promise aided instruction, the resulting lessons tend to lack the flexi-

bility and cognitive complexity that are sometimes realized inof applying, and then evaluating, the Kolb approach by struc-
turing learning environments that accommodate various lessons composed with less systematic approaches. Adherents

of constructivism, a cognitive perspective that traces its ori-learning styles and by measuring and studying the response
of learners to the approach of teaching around the cycle. In gins back to Piaget, Dewey, and Vygotsky (32), criticize the

instructional design process and even other cognitive ap-principle, the learning environments even could be changed
adaptively, depending upon the performance of the learner in proaches as being fundamentally flawed by their basis in ob-

jectivism, a traditional philosophical perspective that ulti-the environments corresponding to the different learning
styles. That promise has not yet been realized in practice, mate reality exists, independent of any observer. In

objectivism, reality is absolute. Constructivism, in contrast,however.
Biological Bases of Learning. Just as knowledge about com- considers ultimate reality to be the cognitive interpretations

or mental constructs that each individual builds as a conse-puters stimulated developments in cognitive science, so too,
has increasing knowledge about the biology of the human quence of perceptions and learning. In constructivism, there-

fore, ultimate reality can be different for different individu-brain. Neurophysiology, while still maturing, identifies sev-
eral characteristics of the brain that relate to cognition (32). als (16,32,50).

For constructivists, learning becomes the construction ofModularity and plasticity, for example, may have important
consequences for learning. Modularity means that different individual interpretations of stimuli experienced by learners.

Teaching becomes the creation of environments that helpparts of the brain correspond to memory for different cogni-
tive functions. The left and right sides of the brain, for in- learners construct their individual interpretations of what

they perceive rather than transmission of information to thestance, seemingly correspond to different functions, and cer-
tain functions seem correlated with even more specific learners and reinforcement of what the teacher views as ap-

propriate responses. Because different learners construct dif-regions. The different regions, or modules, seem to function
with some degree of autonomy and appear to be stimulated, ferent interpretations, learning necessarily becomes learner

centered. Indeed, because each learner must construct an in-or accessed, by different senses (vision, hearing, and so forth).
The ease with which the various modules can be accessed dividual interpretation, learning is impossible unless the

learners take direct action to construct the interpretations.seems to vary significantly from individual to individual.
A consequence of modularity for learning and instruction Constructivists often speak of student-centered learning and

active learning. When teaching is viewed as the transmissionis that different individuals have preferred modes of pro-
cessing information, depending upon which brain modules are of information and reinforcement of responses that the

teacher considers appropriate, learning is much more teacher-most easily accessible to them through corresponding sensory
stimulation. Some may prefer to learn through listening, for centered and the learner assumes a less active role. Construc-

tivists call such an approach passive learning.example, and some through seeing. Thus, a learning environ-
ment that involves several sensory stimuli probably helps Constructivists emphasize situated, or authentic, learning

environments (learning based on the real, or at least realistic,learners access more of the brain’s different modules and, pre-
sumably, enhances learning through construction of more settings in which the learner will apply it) because abstrac-

tions or simplified models of reality may distort or otherwisecomplex cognitive structures.
Plasticity means that brain structure continues to develop impede the development of the individual mental constructs

that are the ends of learning. Because realistic settings areeven after birth, rapidly at first, but continuing throughout
life. Continued development seems to mean increased capac- complex, constructivists stress learning from multiple perspec-

tives to promote more complete understanding. Encounteringity for learning. Moreover, development appears spurred by
complex interactive environments. Thus, plasticity opens the abstract concepts in several different contexts, for example,

can help learners advance their understanding. Constructiv-possibility that appropriate learning environments can stimu-
late increased capacity for learning, even in adults. ists advocate collaborative learning both to assist the learner

in achieving multiple perspectives through interactions withModularity and plasticity of the human brain, taken to-
gether, may imply increased effectiveness of complex inter- others and, perhaps more fundamentally, to accomplish a
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kind of social validation of the learner’s perspective that is necessary for applying learning in alternative topical domains
and yet consumes and distracts the attention of the teacher.necessary in the absence of an objective reality that objectiv-

ists rely on as a comparative standard for learners. Because The complexity of realistic situated learning environments
can hamstring beginning learners. Practical collaborativesituated learning should occur in a realistic environment, con-

structivists assert that evaluation and testing should be an learning environments can allow uneven participation by
learners, and hence uneven learning, to a degree that makesintegral part of the learning process, not a separate activity.

Such integrated evaluation and testing might be accomplished evaluation and testing difficult and the results fruitless. Inte-
grating evaluation and testing into situated learning environ-through projects or portfolios, for example.

From the constructivist point of view, numerous shortcom- ments can make focusing assessment on learners’ under-
standing of concepts that are implicit in the task difficult. Forings of traditional instructional design become apparent.

Breaking up the material to be learned into incremental steps example, a teacher who assesses a fuzzy-controlled robot that
successfully balances a vertical rod by appropriate compen-small enough that learners can complete them successfully

with little probability of error requires methodical dissection sating movements may find it difficult to decide if the learners
who collaborated on the design and implementation of the ro-of the material and careful reassembly into logical paths of

learning. By design, learner involvement mainly requires the bot understood important concepts in fuzzy control or merely
implemented a ready-made algorithm that they found. Sup-persistence to follow a learning path developed by the

teacher. Thus, the environments that result from traditional plemental means of assessment are necessary.
Review of the criticism by constructivists of learning envi-instructional design are more teacher-centered rather than

learner-centered. As a consequence of their limited involve- ronments created with traditional instructional design re-
veals that many of their complaints are directed at behavior-ment, learners in such environments fail to gain experience

in developing their own approaches to learning unfamiliar ism rather than at objectivism. As a result, the insights
provided by constructivists are being adopted by both con-complex material. In short, environments that result from

traditional instructional design fail to help the learner learn structivists and cognitive objectivists to enrich the ap-
proaches in contemporary instructional design (36,51). Modi-how to learn independently, a central goal of learning, cer-

tainly at the university level. Moreover, environments pro- fication and replacement of conventional instructional design
by constructivist concepts began in the mid-1990s (52–54).duced with traditional instructional design tend to avoid the

complexity of situated learning environments and use simpli- Although computer-aided learning environments devel-
oped specifically from a constructivist perspective for use byfied, often prematurely abstract, models of what is to be

learned to make tractable the dissection of the material into engineering students are not yet common, existing environ-
ments exhibit some of the attributes that constructivists ad-small steps and its reconstruction into paths of learning. Be-

ing based on simplified models of reality, what the learner vocate. ELECSIM, already mentioned, illustrates one ap-
proach to structuring a computer learning environment thatlearns may be distorted significantly by convenient but ulti-

mately misleading simplifications. Reassembling small learn- includes features advocated by constructivists. In the basic
approach, a learner encounters a collection of connected simu-ing steps into multiple learning paths requires considerable

imagination, and perhaps even more time and effort, by the lated ‘‘rooms.’’ Each room concerns a topic with scope roughly
comparable to a subsection in a conventional textbook. Learn-teacher. Thus, learning environments produced with tradi-

tional instructional design often offer the learner few alterna- ers basically are free to interact with the material in each
room and indeed the entire collection of rooms, in whatevertive paths through, and hence perspectives of, the material to

be learned. Because the learning steps are so small and the sequence they choose. If teachers wish, however, they can
limit possible destination rooms accessible from each roompaths of learning are so well-defined in learning environ-

ments that result from traditional instructional design, little and can insist that learners successfully complete a quiz or
other work before leaving one room for another.collaboration among learners is needed, nor indeed is possi-

ble, during use of the environment. Learners in these environ- A collection of rooms is called a simulation implementation
of multifaceted peripatetic learning environments (SIMPLE).ments therefore miss out on possible enrichment of their

learning by the ideas of other learners. Integrated evaluation A SIMPLE room contains, at the pleasure of the designer,
informative notes and explanations, drill and practice exer-and testing of a very narrow kind is certainly a part of learn-

ing environments created with traditional instructional de- cises, project assignments, (software) tools, and network ac-
cess. While touring the complex of rooms, the learner can de-sign, but implementation of the concept as advocated by con-

structivists usually is impossible because the learning is not velop understanding, accomplish and document tasks, learn
new tools, and demonstrate competence.situated in sufficiently realistic environments.

Constructivism certainly suggests several routes of escape A major difficulty with implementing any computer learn-
ing environment is, of course, software development. Thefrom the somewhat delimited domain of traditional instruc-

tional design. Constructivism itself, however, is open to criti- strategy in constructing SIMPLEs is to rely primarily on ex-
isting commercial software that is widely used and thus au-cism on several points, not the least of which is its sacrifice

of the objectivism that lies at the heart of modern engineering thentic to some degree. ELECSIM, a SIMPLE that concerns
a course in analog electronics for undergraduate electrical en-and science to accommodate a diversity of perspectives con-

strained only by social negotiation. A socially negotiated ap- gineers, can include readily available software components
such as circuit simulators (PSpice), math packages (Mathcad,proach to electromagnetics that is inconsistent with Max-

well’s equations ultimately would prove counterproductive, Matlab, Maple, Mathematica, and Macsyma, for example),
and logic simulators, as well as WWW browsers, program-perhaps at considerable cost to the learners. Situated learn-

ing environments can degenerate into a mimetic apprentice- ming languages, word processors, spreadsheets, and data-
bases. Custom software and multimedia also are readily ac-ship approach that neglects development of abstract concepts
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commodated. The ELECSIM software serves mainly as ‘‘glue’’ The SIMPLE paradigm, illustrated in ELECSIM, provides
a consistent graphical user interface to tools and other re-to join disparate existing software. The rooms can be easily
sources related to particular topics and collects them inreplicated, edited, modified, and combined to form other
‘‘rooms’’ that can be visited at the learner’s convenience androoms or SIMPLEs on a particular subject, whether or not
provides, as well, one metaphor for creating flexible learningthey relate to analog electronics. The rooms thus are a kind
environments that can incorporate the elements advocated byof structural template into which existing materials, such as
a variety of cognitive and constructivist theories of instruc-notes and examples of almost any sort, can be integrated,
tion. A key to the flexibility is incorporation of existing soft-without undue effort, to form flexible interactive learning en-
ware. From a different perspective, the scope of the rooms invironments.
the SIMPLE approach is much larger than the small Skinner-The rooms in ELECSIM rely on strong visual images for
ian steps of instructional design, and the learner in a SIM-two purposes. First, the learner develops a strong mental pic-
PLE environment has much more choice of learning paths.ture of where everything in the environment resides. The cen-
On the other hand, a teacher who develops a SIMPLE dis-tral screen in an ELECSIM room displays a graphic view of
sects the material and exerts control over the learner morean office and helps learners recall the location of the various
than most constructivists deem appropriate. In this sense,available resources. For example, it is easy for a learner to
SIMPLE represents an intermediate approach to that of ex-remember to click the mouse on the file drawer to find supple-
treme behaviorism and constructivism.mental notes about the subject of this room, click on the index

Sun and Chou describe the role of constructivist ideas infile on the desk to find interactive drill and practice exercise
the design of the cooperative remotely accessible learningproblems and open-ended homework problems, click on the
(CORAL) system, a multiyear effort in distance educationcomputer to find software tools needed to do work in the room,
funded for development by the National Science Council inclick on the pile of mail to send work to the teacher, click on
Taiwan (55). The specific constructivist ideas considered dur-one of the shelved books to find references or links to related
ing the design of CORAL were to (1) make courseware learn-material, and click on the road in a picture on the wall to
ing materials as rich as possible, (2) give students authenticleave the room. The strong graphical context therefore per-
tasks on which to practice (building a local area network sys-mits the learner to access directly much greater functionality,
tem in their computer laboratory, for example), (3) encouragewithout maneuvering through several levels of screens or
students to provide different solutions to given problemsmenus, than would be convenient with a more conventional
(brainstorming innovative methods for preventing computerinterface.
viruses, for example), (4) encourage students to navigateThe second purpose served by the visual environment is to
through instructional nodes and construct their own learninggive each screen in the room a very definite mental context.
paths, (5) encourage students to interpret new learning situa-When the learner is concentrating on a particular screen, the
tions based on their existing knowledge and experiences, andteacher can know with some certainty what the learner is
(6) encourage students to discuss, debate, and work coopera-thinking about and doing at the moment. The sequence of
tively. Access to the hypermedia CORAL courseware is possi-

screens chosen by the learner therefore tells much about the ble with a special browser that permits video conferences, ex-
learning strategy and process that the learner is using. The changes of text and graphical information via an electronic
teacher can choose to record automatically the learner’s activ- whiteboard, and discussions, all as means of promoting com-
ity to any level of detail. All of this information can be avail- munication and interaction between teachers and learners.
able to the teacher on-demand over a network or from a disk- Students access CORAL with standard personal computers,
ette for processing and interpretation. although video conferencing requires a high-speed network

As far as constructivism in ELECSIM is concerned, learn- card and extra equipment such as a camera, microphone, and
ers control their learning paths and utilization of the various so forth. The CORAL system records details of learner activi-
elements in each room and construct individual solutions to ties that permit construction of student models. Such records
complex open-ended problems. The environment is thus mani- open the possibility of rewarding students for helping each
festly learner-centered and requires active learning. ELECSIM other. Ultimately, CORAL will include a student tutor sys-
provides a situated, or authentic, learning environment by uti- tem (56).
lizing the tools of practice, rather than tools built especially Collins advocates cognitive apprenticeship specifically as
for the learning environment. ELECSIM stimulates learning an approach for developing cognitively rich computer-aided
from multiple perspectives by providing ready access in the instruction that helps learners develop the mental constructs
room to notes and other resources, as well as requiring the that are the essence of learning from a constructivist perspec-
learner to move beyond drill and practice exercises to synthe- tive (7). This approach, based on a generalization of the tradi-
sis of concepts through design. Video, other multimedia, and tional apprenticeship concept, identifies six components that
hypertext could provide perspectives beyond those possible leverage and exploit available computing technology in imple-
with text and simple graphics. Because ELECSIM is essen- menting learning environments.
tially a consistent user interface to available resources, e-mail Situated learning involves reliance on actual, or at least
and chat rooms can be incorporated easily, if the computer is realistic, representations of the environments in which what
networked, to provide a framework for collaborative learning. the learner learns will be applied. For example, a circuit sim-
Learners, for instance, could collaborate on a design without ulator used in industry, such as PSpice, could form the basis
being coincident in space or time. Submission of documents of a situated learning environment, as could a C�� software
that record and describe the learner’s activities, on open- development environment. Beyond the domain of software,
ended homework problems, for example, provide integrated computers can help create situated learning environments

with multimedia to bring realism to the desktop.evaluation and testing in ELECSIM.
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Modeling represents a complex process in simpler terms mance specifications. Neither audio nor video were included
in the learning environment for analog electronics, althoughfor the purposes of explanation. In addition to utilization of

mathematical models and simulators, computers can deploy they certainly could be central to SIMPLEs on other topics
and incorporating them is straightforward. In the stand-aloneanimation and other forms of multimedia to help learners

grasp complex material. Computers can even help learners version of ELECSIM, modeling in the sense of showing how
an expert solves problems is present only in the explanatoryunderstand how to solve problems by showing (modeling) how

experts solve problems. The articulate expert in SOPHIE, notes available in the rooms. In a networked environment, e-
mail, chat rooms, or conferencing could show the teacher solv-mentioned earlier, is an example of modeling.

Coaching provides personalized hints or assistance to ing problems in action, complete with pursuits down blind
alleys and mistakes. Over time, selected transcripts of theselearners as they need them. Relatively simple rule-based

branching programs can provide coaching in limited contexts, interchanges could be posted as notes in appropriate rooms
as one means of preserving the teacher’s initial approach tosuch as within a single example, without the difficulties asso-

ciated with authoring and implementing a more ambitious solving an unfamiliar problem, an approach that likely will
be lost in an inevitable polishing process, otherwise.traditional intelligent tutoring system.

Reflection requires learners to reconsider their activities The implementation of coaching in ELECSIM is kept sim-
ple by limiting the context to which coaching applies to theand, in so doing, evaluate their own performance. Comparison

of the simulated performance of a learner’s design with per- particular context to which the learner is directing attention
at the moment. Specifically, consider as an example a drillformance requirements can stimulate reflection. Submission

to the teacher of word processing files, with attachments, that and practice exercise from an ELECSIM room that deals with
the design of simple bipolar junction transistor (BJT) audiodocument and explain a learner’s work can stimulate and doc-

ument reflection, as can certain types of examinations. voltage amplifiers. In a standard four-resistor bias configura-
tion for a typical BJT, the learners are required to specifyArticulation requires learners to describe and explain their

learning activities as a means of making their tacit knowl- values (not unique) of the resistors, the power supply voltage,
and the coupling capacitors that will bias the BJT at a speci-edge explicit. In addition to word processing files with attach-

ments mentioned earlier, chat rooms and e-mail via networks fied operating point and achieve a specified open-circuit volt-
age gain over the audio range (57). A simple branching struc-permit learners to interact with others and thereby practice

articulation and, in addition, gain new perspectives from ture checks learners’ entries against design rules explained
in notes available in the room in which the exercise appearstheir peers.

Exploration requires learners to try out different hypothe- and provides either a message that the design is acceptable,
in that it satisfies those rules, or if it does not, provides on-ses, methods, and strategies to see their effects. Because ex-

ploration puts the learners in control, they must learn how to screen messages that indicate which components have inap-
propriate values and whether the values entered by theexplore productively. Computers offer the advantage of per-

mitting rapid examination, in limited time, of wide-ranging learner seem too high or too low. Coaching in ELECSIM is
thus fairly specific but easy to implement because the rulesalternatives, through simulators, for example.

As far as cognitive apprenticeship is concerned, ELECSIM for coaching apply only in a limited context.
Although even drill and practice exercises such as the oneprovides situated learning through the use of tools, such as

the circuit simulator PSpice and other software, that are just described can stimulate reflection in learners to some de-
gree, solution of open-ended homework problems that requirewidely used for electronic design and communication in in-

dustry. As discussed earlier, PSpice permits learners to carry iterative solution absolutely demand reflection. In the room
that deals with the design of simple BJT audio voltage ampli-out realistic iterative solutions to open-ended design problems

of the type encountered in practice and, thereby, develop the fiers, learners are required to design a BJT common emitter
audio amplifier that gives a certain voltage gain to a specifiedimportant ability to assess their own work, with only modest

direct involvement of the teacher. As appropriate, additional load, subject to the constraints of a given Thevenin impedance
for the driving circuit and a given power supply voltage. Thisrealism can be incorporated into the environment with video

clips or other multimedia. problem involves enough variables and constraints to require
an iterative approach to the design. No simple set of equa-In the stand-alone version of ELECSIM, modeling is pro-

vided to some degree by drill and practice exercises in which tions employed step-by-step suffices. The learner employs ap-
proximate analytical results and design rules for an initiala learner views a circuit and must enter component values

that cause the circuit’s operation to meet certain design rules. design and then evaluates the design by simulating its perfor-
mance with the circuit simulator and comparing the simula-The exercise thus presents a simplified, or modeled, view of

the circuit’s operation and thereby permits the learner tempo- tion results with the performance specifications. If the perfor-
mance specifications are not met, the learner can then referrarily to focus entirely on the design rules. The answers en-

tered by the learner are checked to determine if they satisfy back to the approximate analytical results and reflect on how
the design might be changed to bring its performance withinappropriate design rules, as explained earlier. Violation of the

rules produces informative messages to the learner, as de- the specified ranges. This iterative reflective process may be
repeated several times before the learner achieves a success-scribed later. The entries into the exercises are not checked

with the circuit simulator PSpice, which does not operate on ful design. In the process, the learner practices, as mentioned
earlier, self-evaluation and, through reflection, experiencesthe basis of the design rules. Instead, branching comparisons

are used to check whether or not the answers satisfy the de- prompt feedback about relatively complex open-ended prob-
lems without direct involvement of the teacher.sign rules. In the open-ended homework problems, learners

use the circuit simulator (a different model) to evaluate the Articulation in ELECSIM is required when learners pre-
pare and submit documents, using a standard word processor,performance of their design with respect to the given perfor-
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that describes their learning activities. For the open-ended directly on the learning accomplished by participant would
seem to circumscribe this problem. Alas, deciding whataudio amplifier design problem described above, the teacher

might require the learner to submit a document file that in- should have been learned depends directly on the theoretical
perspectives chosen. The matter is usually not as simple ascludes (perhaps as software attachments) the PSpice sche-

matic capture file to show the circuit of the design, design deciding whether the focus of learning should have been facts
or process, but that dichotomy illustrates the point. Moreover,calculations, samples of the simulation output (values, graphs

and so on) for the circuit, and perhaps most important a dis- application of evaluation approaches developed for a different
context are not always easily adapted to the evaluation of ma-cussion about how the simulation results demonstrate that

the design satisfies performance specifications, or if it does terials for computer-aided instruction, especially those for en-
gineering education.not, a discussion of why the performance specifications could

not be achieved. Such a document provides considerable in- Evaluation, therefore, demands careful planning and work.
In practice, it is not easy. To the extent that evaluation issight to the progress of a learner and provides the teacher a

convenient means of investigating the learner’s work in more neglected, however, the iterative approach to design that is
so traditional in engineering endeavors is not possible in thedetail. For example, a double-click on the imbedded PSpice

schematic capture file by the teacher or an assistant not only development of interactive learning environments for engi-
neering education.displays the schematic file, but makes possible an immediate

simulation of the schematic displayed and subsequent investi- The National Engineering Education Delivery System
(NEEDS), mentioned earlier, developed criteria for the reviewgation of the output from the learner’s design.

Exploration of the various rooms and their topical contents and classification of software it receives for posting on its
WWW site, as reported by Eibeck (63), which can serve as ais the essence of ELECSIM, which can be viewed as one in-

stance of a consistent graphical user interface to a diverse useful guide. The evaluation and classification criteria used
at first span nine categories. Engineering content deals mainlycollection of tools, notes, problems, media, and network re-

sources assembled by the teacher to assist the learner. From with whether or not the material is free of errors and corre-
sponds to the level of the intended users. Engagement is ana different perspective, solutions to the open-ended problems

in ELECSIM require learners to formulate hypotheses and assessment of the appeal of the courseware to the intended
users. Impact on learning indicates whether or not differenttest the consequences.

Jonassen (58) discusses how teachers can implement cogni- learning styles are accommodated and whether or not feed-
back is provided to the learner. User interface evaluates con-tive apprenticeship on stand-alone desktop computers, with-

out specialized computer software, but with widely available sistency, clarity, and ease of use as well as the effectiveness
of help features available to the learner. User interaction as-and inexpensive software such as databases, spreadsheets,

semantic networks, and expert systems. In addition to self- sesses to what extent the software involves the learner and
whether the involvement is active or passive. Multimedia de-assessment documentation, summary statistics about perfor-

mance, and portfolios for assessing learning outcomes, his sign considers the quality of the multimedia and whether the
media effectively support the learning process or merely dis-suggestions include learning logs, student rankings of course

objectives, think-aloud protocols, documented problem-set so- tract the learner, instead. Instructional use concerns how eas-
ily the software can be incorporated into a course by a teacherlutions, brief autobiographical essays on a specific learning

experience, cognitive interviews, directed paraphrasing, ana- other than an author. Performance appraises how well the
software runs on the specified computer platform. Accessibil-lytical memos, classification/decision matrices, diaries and

journals, experiments, concept maps, and debates. Specific ity from NEEDS deals with operational issues of finding the
files in the NEEDS database and downloading them. Al-applications of spreadsheets in engineering that can employ

elements of cognitive apprenticeship include simulation of though it would be difficult to argue that these categories can
be neglected by authors of useful software, the review processcomputational and sequential logic circuits and the solution

of ordinary and partial differential equations, as well as easy based on them proved unwieldy, in practice, to reviewers.
NEEDS therefore simplified the review process to focus onevaluation of complicated equations and generation of graphs

that display the results for various parameter values as part ensuring that the content is error free, that the package is
complete and includes descriptions and recommendations forof, for example, an iterative process (59–61).
use, that the software is appealing to users, and that it is
potentially useful to teachers other than the author.Evaluation of Learning Environments

Projects for developing computer-aided instruction, as well
Development of evaluation criteria for learning environments, as complete courses designed with computer-aided instruc-
electronic or not, is complicated by the absence of consensus tional components, require a broader approach to evaluation
about an underlying theoretical framework for theories of than considering existing computer-aided instructional mate-
learning and instruction, as well as by several different expec- rial for possible use. Fortunately, some widely accepted ap-
tations for the evaluation process (62). A particular difficulty proaches to project evaluation (62) have been adapted for
is that approaches to evaluation that adopt, explicitly or im- projects in engineering and to the development of computer-
plicitly, the viewpoint of a particular theory of learning or aided instruction projects, as well (16,33,64). Project evalua-
instruction can give negative results for a project developed tion consists of three basic stages: (1) planning evaluation, (2)
from a different theoretical perspective. That is, the result of formative evaluation, and (3) summative evaluation. During
the review may follow more from the nature of the learning development of a project, planning evaluation, although often
environment than from the degree of success it achieves ac- neglected, helps focus attention on goals of the project as well
cording to the theoretical perspective with which it was devel- as on strategies and schedules for achieving them. While the

project is underway, formative evaluation identifies opportu-oped and implemented. At first glance, focusing evaluation
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nities to improve the project. After the project is completed, and networks, the development and verification of design ap-
proaches based on theories of learning and instruction even-summative evaluation assesses the success of the project. For-

syth, Jolliffe, and Stevens discuss application of a multilevel tually will be forthcoming, but not now.
That pessimistic view comes easily to engineers who areevaluation model that permits concentration on (1) the learn-

er’s feelings and about the course, (2) learning achievement accustomed to working with experimentally verified theories,
such as those of electromagnetics, thermodynamics or signalduring the course, (3) behavioral changes in the learners dur-

ing the course, or (4) overall impact of an innovation in an processing, whose power, marvelous accuracy, and domain of
applicability are well understood and documented. But engi-organization (65). Worthen, Sanders, and Fitzpatrick describe

and contrast several alternative approaches to evaluation neers have long worked successfully where theories are far
less robust. Management is just one example. A manager re-that can be adapted for application to computer-aided instruc-

tion (62). sponsible for some particular effort finds no powerful univer-
sally sanctioned theoretical approach to managing the activi-Careful project evaluation is important in achieving credi-

bility necessary for widespread use of the results of any proj- ties of a particular project. Indeed, a manager easily can
become bewildered by the multiplicity of diverse and inconsis-ect. It is almost essential, however, for projects in an emerg-

ing area such as computer-aided instruction in engineering tent approaches advocated by hosts of management theorists.
And yet, individuals find ways to manage complex projectswhere the lack of familiarity and confidence among potential

users may breed skepticism that prevents widespread inter- successfully. How? The situation is not quite as complicated
as first it seems. Certain fundamental principles of manage-est in the results of the project.
ment have become widely accepted and understood (66).
These principles, alone, do not give very specific guidance toPragmatic Development of Computer-Aided
a manager, but they are ignored at great peril. More detailedLearning Environments
guidance is provided by more specialized theories, such as

As the power and sophistication of hardware and software Theory Z or total quality management (TQM), whose domain
available for computer-aided instruction continue to increase, of applicability usually is not clear. The manager must de-
contemporary answers to the fundamental question ‘‘How can velop a specific management approach for a particular effort
we use computers to improve education effectively and inex- based on management fundamentals and on insights provided
pensively?’’ amount to discoveries of strategies for developing by the specialized theories. That the specialized theories seem
environments in which learners can proceed effectively. to come and go complicates matters, of course.

A designer of computer learning environments faces a sim-
ilar situation. Certain fundamental ideas about learning areStrategies for Conceptual Design. The likelihood that teach-

ers of engineering can discover carefully and coherently de- becoming accepted and understood by people with diverse
perspectives. A teacher must combine a knowledge of thesesigned ready-to-use courses of study that match the needs of

their students always has been low. At best, teachers can principles with insights from more specialized theories that
seem to fit the situation, topics, and learners at hand to de-hope to find elements and components that they can incorpo-

rate into their own designs. Incorporating computer-aided in- velop successful learning environments.
What are some points (67) of consensus that seem to bestruction into the design of courses of study changes that pic-

ture but little. An analogy with engineering textbooks emerging? First, concepts are best learned when students en-
counter them in a variety of contexts rather than from a sin-suggests that some teachers of engineering will play a domi-

nant role in developing computer-aided instructional compo- gle perspective. Even if a learner retains a concept experi-
enced from a single perspective, that concept is likely to benents just as they do in authoring engineering textbooks. The

market for engineering instructional materials is just too isolated and unavailable for linking with others to build re-
lated or more complex concepts. Applying the concept in asmall to attract full-time authors with the appropriate exper-

tise. Clearly, the teachers of engineering who develop compo- different context is an important means of understanding it.
Second, realistic experiences are extremely effective in help-nents for widespread use must understand principles of

course design very well. If their students are to realize sub- ing learners learn, especially in grasping abstractions. An ab-
straction not linked to several real situations is unlikely to bestantial benefits from the materials available, however, even

teachers of engineering who mainly integrate computer-aided accessible for building understanding of diverse contexts in
which it might apply. Third, learners learn effectively wheninstructional elements produced by others into learning envi-

ronments for their own students must understand and apply they take action and then something happens in turn from
which they can learn. Giving and receiving feedback in a peerthe principles of course design as well. If they do not, the risk

of producing a flood of poor-quality courses that can damage group is one example. Physical experiments are another. In-
teraction with simulations offers a third possibility. In short,the success of computer-aided instruction in engineering for a

long time is great. The stakes are high. an emerging consensus is that learning should be active and
experiential.From one perspective, finding a suitable strategy for teach-

ing a particular topic or designing a course seems confusing
and, even worse, unlikely. Despite substantial developments Tools for Implementation. Although careful conceptual de-

sign of a computer-aided learning environment is essential,in theories of learning and instruction, no consistent approach
to designing learning environments (computer-aided or not) the realization of the environment in practical and robust

software may require more effort and produce greater frustra-is widely accepted. Candidates for an overall theory of design
suffer from (1) poor understanding of their domain of applica- tion. The PLATO system included TUTOR, perhaps the first

widely used tool designed specifically for helping teachers tobility and (2) scarcity of empirical verification. Perhaps with
the availability of powerful, inexpensive computer systems become authors of interactive learning environments (3). Cy-
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berProf provides a set of tools for the same purpose (25). More reader, or virtual reality interface. The authoring program
also should be extensible through programming features thatgenerally, almost any programming language can serve, in

principle, as a tool for constructing interactive learning envi- give ready access to a high-level programming language that,
among other things, accommodates bridges to external soft-ronments. In practice, the complexities of building an accept-

able graphical user interface alone require powerful software ware and permits authors to add custom features to the au-
thoring program. Performance tracking includes features suchtools if mere mortals are to succeed. Fortunately, the business

market has stimulated the development of numerous power- as answer judging and activity reporting. Networkability is a
measure of how well the authoring program itself, and theful, easy-to-use, and relatively inexpensive tools for potential

authors of computer-aided instruction. Unfortunately, the software it produces, works on networks. If the learning envi-
ronment constructed is for deployment on the WWW, for ex-large number of authoring programs available and the variety

of features included (and omitted) can make the choice bewil- ample, the availability of suitable plug-ins is an important
consideration.dering.

Helpful perspective is provided by Schwier and Misan- Overall, the desirable features of an authoring program
amount to the requirement mentioned earlier for a successfulchuck, who describe a number of features that should be con-

sidered in selecting an authoring program appropriate for graphical user interface: transparency. An author should be
able to concentrate on designing the learning environmentconstruction of multimedia learning environments (17). Por-

tability determines what fraction of desktop machines can use without distraction or frustration by the authoring program.
SIMPLE, a Windows authoring program available on anthe learning environment constructed. Although the WWW

has simplified the problem of portability to some extent, the archived CD-ROM and used to create ELECSIM, is especially
designed for constructing interactive learning environmentsbasic hypertext markup language (HTML) environment on

the WWW is not as rich as many platform-specific environ- (13). It provides a WYSIWYG authoring environment and
straightforward extensibility through Visual Basic and incor-ments. Two trends are ameliorating this problem. First,

HTML itself is being continually upgraded to provide a richer poration of external software, includes performance-tracking
features and configuration management tools for network de-environment. Second, WWW browsers now accommodate spe-

cial file-type-specific plug-ins that permit browsers to display, ployment of the learning environments, incorporates multi-
media and simple animation, and carries no license fee foror play, files of almost any type, provided only that an appro-

priate plug-in is available and it has been installed in the educational use.
Although learning environments for the WWW offer un-browser on a particular machine. Just as browsers are plat-

form specific (Windows, Macintosh, UNIX), so too are plug- precedented portability, the available authoring tools (apart
from those for CyberProf) at first offered little more than ca-ins, and it might seem that plug-ins accomplish little. The

number of computers on the WWW is so large, however, that pability for constructing graphical user interfaces for the
learning environments. Platform-specific authoring environ-competitive pressures have led many vendors of software, in-

cluding vendors of authoring programs, to make available, ments were unrivaled in power and flexibility. Emergence of
the JAVA programming language, however, promises devel-free of charge and for all major platforms, plug-ins that ac-

commodate file types special to their products. With this ap- opment of authoring environments for the WWW that pro-
vide, in addition to the boon of portability, the power andproach, multimedia environments can be created with an au-

thoring program that runs only on a single platform, although flexibility previously available only with platform-specific
tools. JAVA, an updated and improved version of the powerfulthe resulting files can be displayed by browsers on any plat-

form. Which file types ultimately may prove popular enough object-oriented C�� programming language, is designed spe-
cifically to achieve (1) seamless incorporation of the WWWthat capability for handling them is built into browsers and

which file types will continue to be supported by special plug- into software and (2) cross-platform portability far greater
than provided by C��. JAVA programs, like HTML docu-ins is decided by complex market processes the outcome of

which is difficult to foresee. Nevertheless, the WWW clearly ments, require only a machine with a suitable WWW browser
for use. Like HTML documents, JAVA programs (or applets),is becoming an increasingly rich environment for computer-

aided instruction. can be written to function perfectly well even on non-net-
worked machines, although hyperlinks to sources on theLicensing agreements must be purchased before software

produced with some authoring programs can be distributed. WWW and calls to network servers are not possible, of course.
Thus, as the huge WWW market stimulates the developmentWYSIWYG (what you see is what you get) is an almost essen-

tial, but not universal, feature for contemporary authoring of powerful and sophisticated HTML authoring programs that
embody JAVA, it seems likely that the WWW (or a WWW-programs. Not being able to see an environment that you are

designing without interrupting the design process specifically like environment on non-networked machines) will become
the environment of choice for most computer-aided instruc-to display the environment wastes time and precludes conve-

nience. Flexibility means that the author, not the authoring tion, even that intended for use mainly on non-networked ma-
chines. Early applications of JAVA in interactive learning en-tool, should determine the kind of learning environment to be

constructed, although advanced author support that provides vironments began to appear in 1997 (68). Scripting languages
such as JavaScript, supported by most WWW browsers, offersuggestions to help the author maintain instructional integ-

rity according to some particular design paradigm may be the possibility of including and executing simple program pro-
cedures in HTML documents, although they provide far lessbeneficial. The ideal authoring tool should accommodate ani-

mation, video, and audio, as well as text and graphics. User capability than JAVA (13).
control concerns the degree to which the authoring program
supports, for example, a keyboard, mouse, graphics tablet, Current Status. Engineering teachers only have begun the

difficult task of sorting through a multiplicity of conflictingtouch screen, light pen, speech recognition interface, barcode
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