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SUMMARY

)

PHROBRLEM

The trainineg of troubleshcoting principles has always
been difficult in the rilitary and ecivilian community.
Techniques whioh have proven to be suncessful nave also been
expensive and labor intensive. Within electronics training,
this has proven to be especially true, vrobably due to larege
variety of devices and technolorcies which are used in
military equipment. This continuines investigation has
attempted to develoo methods for applying computer-based
simulatinn techniques to assist in the training of
electronie technicians more thoroughly and less lahor
intensively thanr must be done currently. The goal has been
to develop in the student an understanding of the cause and
“ffect relationships between circuit elements, by enabling
the comouter to interact with the student in English as he
i3 led through an investieation of the cperation and repair
o' a ralfunationine electronic device. The developrent of
oroprarmine and pedarcorical techniaues to achieve this end
nas been the focus ~f this research.

APPROACH

This reocrt docurents the development of an existing
system into a 12-hour seauence of instruction on the
princinles of electronic troubleshooting. One aspect of
this =svstem 15 documented in TR-76-67 which was an interim
techni2al report required under this contract. The work
dcne in the second phase of this contract was the
development of a3 computer assisted instructiona! situation in
which an exnert tutor (simulated bv the comouter) could be
observed and conversed with as it performed debugeing of a
fault inserted by the student. This additional technique
was then ‘integrated with a2xisting 1laboratory simulation
techniques developed under prior contracts to provide a

complete instructional block. An experiment was run to
determine the utility of these training techniques when used
with _students in a technical training institute. Students

were presented the sequence of materials and were evaluated
at various points within the sequence and questioned to

determine their attitude toward this type of instructional
presentation.”

RESULTS

Student attitudes toward the computer simulated
laboratories, expert tutors, and gaming situations were
overwhelmingly favorable. All felt that they significantly
improved their diagnostic =kills, particularlyv because of
their ability to interact repeatedly with the simulated
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faroratory eaquiprent  and their observations of the 'expert

troghloghagtep! simulated by the computer, They
wititionally felt  relaxed and unthreatened by the computer
ant felt that it was generally easy to deal with. Testing

wtrinianteret  ta  the students show positive imorovements in
toth tire roquired to diagnose, and in the techniques used
footaolate faults afrer training.

Tne intense, intelligent training environment created
oy usine  the cormputer's wunique ability to simulate and
senerate appropriate instructional sequences could result in
positive improvements in student understanding ° of
troutlashooting techniques and attitudes toward training of
thesxe and probably related problem solving skills. The use
of the computer to eliminate technical problems Wwith
handline laboratory eauipment in this type of instruction
enhances the student's ability to develop the underlying
skills required for troubleshooting by enabling him to
concentrate on these skills.
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Reactive Learning Environment for
Computer Assisted Electronics Instruction

+ Chapcer 1

INTRODUCTION

SOPHIE (i.e. SOPHisticated Instructional Environment)
is an 1intelligent, generative 1instructional system for
teaching the knowledge and reasoning ' strategies of
expert-grade electronic troubleshooting. This report’
describes a. study which explores the strengths and
weaknesses of an extended SOPHIE system. This study has
helped to develop a better wunderstanding of how SOPHIE's
unique capabilities can be exploited 1in a training
environment. T

At trhe same time ve wanted to investigate how simpler
systems designed in the spirit of SOPHIE but less ravenous
of computational resources could augment some of SOPHIE's
tutorial capabilities. In particular, the original SOPHIE
was not a self-contained tutorial system. To obtain maximal
utilizatior of its capabilities, a more , complete
computer-based learning environment had to be built around
it which combined the best features of traditional
frame-oriented lessons, laboratory simulation exercises, and
other simpler but still generative instructional material.
In this report we describe this computer-based learning
environment, along with the series of formative experiments
we conducted 1in order to successively refine -this
environment.

‘Specifically, we hoped the experiments would shed some
light on several issues: How can sophisticated artificial
intelligence systems augment frame-oriented Computer
Assisted Instruction (CAI)? How can students be helped to
exploit a learning environment which is open, non-directed,
and rich. What elements in a computer-based course
contribute most to student enjoyment, involvement, and
productive 1learning? While these are certainly very broad
questions which we do not hope to answer completely, our
experiments provide an example of a learning environment
which provides positive results in these terms.

Brief Description of SOPHIE

In order to understand the reasons for extend&ng SOPHIE
and for performing the experiments described here, a brief
description of the kernel SOPHIE system is in order.

3
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The original, kernel system is now called the SOPHIE
lab to distineuish it from the rest of the extended SOPHIE
systen. The 30PHIE lab consists of a large collection of
artificial intelligence programs which. use a circuit
s1mulator to answer hypothetical questions, evaluate student
hypotheses, orovide immediate answers to a variety of
neasurement cuestions, and allow the student to modify a
circuit and discover the ramifications of his modifications.
To enable students to carry on a relatively unrestrained
English dialogue with the system, the SOPHZE lab has a
flexible and robust natural language front-end.

In a typical instructional session, based solely on the
SOPHIE 1lab, a student is presented with a fault of some
specificd degree o% difficulty. He then tries to debug the
instrument &y requesting measurements. At any time he can
offer a hypothesis about what he thinks- could be wrong with
the instrument and receive an evaluation of his hypothesis
in terms of the measurements he has made. The student can
also, at any time, request that a component be renlaced.
Before the part is actually replaced, the' student is
required to say exactly what he thinks is wrong with it.
Only if he is correct is a new compone!t put in the circuit.,
If ae 1is incorrect, the hypothesis evaluator is invoked
automatically to determine whether his proposed fault is
reasorable, and if not, why not. Because some faults in the
instrument blow out other, components, finding a faulty
component will not necessarily fix the instrument. Indeed,
in such cases where the replaced part is actually a
"secondary fault," {he renlaced component will be blown
again. As in the repair of real instruments, the
fundamental underlring fault must be diagnosed and repaired
first.

From the above description, it can be seen that a
student using just the SOPHIE lab needs an understanding of
the particular gzircuit being simulated, some reasonable
troubleshooting strategies, a basic " knowledge of
electronics, and ‘the ability to generate plausible
hypotheses,

The Learning Environment

One of the primary goals of these experiments was to
determine if trainees could really take advantage of the
freedom provided by :iais environment, Previously, we had
verified that many cf SOPHIF's educational freatures couldibe
exploited by engineering students, but we were less sure
that these 3same features would be liked and used to good
advantage by less academically oriented students studying to
become technicians. In other words, we wanted to know if
many of SOPHIE's capabilities were too sophisticated for

4
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many of its potential users. Consequently, the experiments
undertaken in this study fccussed on how technical Students
used, reacted to and profited from the total learning
envircrnment built on and around SOPHIE. The learning
environment we constructed addressed all of these issues
and, in fact, oprovided us with a _rich opportunity to
experiment with how to Séquence various activities in order
to optimize what students mastered,

Many electronic troubleshooters are trained to r-pair
only specific pieces of equipment. These people have great
difficulty fixing familiar devices with unusual faults or
unfamiliar equipment for which they have no specific
training. This is not the kind of troubleshooter we wish to
develop. Instead, we are focussing on producing a skilled
troubleshooter who is capable of fixing even unfamiliar
pieces of equipment. Such an expert troubleshooter is often
called on to fix the equipment with which others have
failed, and is surely expected to be able to fix any of his

- own calibration or test gear. He is supposed to be able to

handle new equipment without significant retra.ning. He
must have a sufficiently good conceptual -understanding of
electronics to be able to develon cropropriate diagnostic

steps on his own, to digest new information from technical
manuals. .

One word of caution may be in order. Our goals were
not to try to establish that SOPHIE-like environments
obsolete more traditional frame-oriented instruction.

Indeed, we tried very hard to design the best possibleé text
and frame-oriented materials. Against that background we
wanted - to see how more sophisticated systemns could further
enhance a student's learning and motivation.

The 1learning environment consists of twn 1w
instructinnal subsystems built on top of the SOPHIE .2« & .4
a set of activities which structure the way students used
both the 1lab and the new subsystems\(see Figure 1). The
first of these new instructional systems: (described in more
detail in Chapter 4) is called the Expert Debugger. This
system can best be described as an articulate expert which
can not only locate faults in the given instrument, but. much
more important, can articulate exactly the deductions that
lead to it. That 1is; it can explain its particular
top-level troubleshooting strategy, why it 'is making any
particular measurement, what follows from the results of
that measurement and what someone might mistakingly or
prematurely conclude from that measurement. In brief, it
instructs by first letting the student choose a "Tfault
(symptom) and then engaging him in a dialog as it progredses
insightfully toward finding the fault. Instead J of
explaining atstract, uninstantiated troubleshootting

5
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strategies, we can, with this system, explain these expert
strategies and the other pertinent electronicg knowledge in
terms of concrete examples* which stem from what the student
has done!

The second instructional subsystem is a troubleshooting
rarme (described in Chapter 3) which permits one team to
insert an arbitrary fault and the other team to locate this
fault by making measurements. The team that inserts the
fault must not only be able to prediet all of its
consequences (such as other parts blowing out), but must
also be able to qualitatively predict the outcomes of any
measurement the opposing team requests. 1In brief, students
playing this game exercise their troubleshooting techniques,
while developing their understanding of how the circuit
functions.

Typical Sequence of Activities

The experiments we conducted were carried out in the
context of a short "course" on electronic troubleshooting.
The sequence of activities in the course was constructed to
take approximately 12 hours. The first two hours (of the
twelve) consisted of a brief introduction to the SOPHIE
laboratory followed by an intensive study of the
instructional booklet (see Chapter 2). The booklet provides
review material on basic electroniecs as it pertains to
regulated power suoplies and 3 more detailed explanation of
the particular power supply to be used. This material was
followed up by a question answering period and an informal
discussion on troubleshooting Strategies,

In the second three-hour period, students alternated
between using the Expert Debugger and doing troubleshooting
in the SOPHIE 1lab wusing preselected faults. Unassisted
troubleshootineg provided good impetus for paying ~close
attention to what the Expert was saying; the students
quickly realized that troubleshooting this instrument was
quite a bit more complicated than they first suspected.

The third session consisted of two activities, The
first exploited SOPHIE's simulator fiully == students were
Fiven the task.of finding faults which would propagate to
cause a specified component to blow™dut. The purpose of
this activity was to give them practice 1in predicting
possible gauyses of secondary faults. This kind of
understanding is otherwise hard to come by and, needless to
*This subsystem, not an overly complex program (as compared
with the SOPHIE lab), gets most of its power by having its

knowledge encoded in terms of augmented decision trees, As
auch, it is an 1interesting example of smaller generative
systems,

7
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say, failing to acaquire it can 1lead to very inefficient,
expensive troubleshooting. '

After these exercises were completed, the students
formed two-person teams and engaged in more troubleshooting
practice. As we discuss below, the use of teams at this

‘point proved to.be very beneficial, generating a great deal
of discussion about what measurements tc make and why.

The last three-hour period saw teams pitted against
each other in the troubleshooting game. At this point we
turned on the costing function which assigns realistic costs
to measurements they were making. After several go-rounds
with this activity, we broke up the the groups and gave each
individual some final troubleshooting exercises. For this

final activity we stressed cost-effective troubleshooting as.. .o

well as the use of the hypothesis evaluator in SOFHIE.

The Experiment

In order to explore how best to exploit the novel
instructional capabilities made possible by SOPHIE, and how
students reacted to and learned from this environment, we
designed a set of formative, exploratory experiments.

To ensure that the results of these experiments would
be relevant to the electronics training program in the Air
Force, we needed to find a population which had educational
backgrounds and capabilities similar to personnel chosen for
expert level training in electronics. Toward this end, we
visited numerous technical and vocational schools and
finally settled on students part of the way through the
second vyear of a two year electronics technician program at
Wentworth Institute of Technology in Boston, Massachusetts.
These students are 1likely to be comparable to trainees
two-thirds throurh an extensive one year program. These
students had been taught basic transistor theory and had had
a fair amount of laboratory experience. Their courses were
not overly theory oriented but most of the students appeared
to have a pood qualitative understanding : of basic
electronics, They also appeared willing to participate in
our experiments (undoubtedly due in part to the, fact that
they would be paid). "

From the subjects responding to our request we randomly
selected seventeen who were split into four groups. Two of
these froups attended twelve hours of training distributed
over four S5aturday sessions. One group spent three hours on
each of four successive days. A final group spent eight
hours in a single day. This latter group was studied to see
what would happen if we tried to concentrate all these
activities into a short period.

15
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Although the various training activities (and the
sequencing of them) had minor modifications and refinements
between experimental groups, the basic sequence of events
followed the pattern described above. 1In addition to the
scheduled activities we gave several tests in order to check
their progress and to probe their weaknesses. We also
conducted frequent informal interviews and, at the end of
the training period, we gave an extensive questionnaire and
conducted an hour-long group interview. These interviews
were recorded and transcribed and are, in part, reproduced
in Ch2pter 5 of this report. We also collected all of their
troubleshooting protocols S0 We could analyze their
difficulties and progress.

With the fourth (one-day) group we <(s5nducted a more
formal study of what they learned. We gave this group a
pretest in basic understanding of power supply
troubleshooting and then two faults to actually
troubleshoot. These tests were administered after they had
finished the 1instruction ©booklet and had received an
informal recitation on troubleshooting. Then, after they
-had  finished all of the "laboratory" activities they were
given a post-test which included some additional
troubleshooting. The purpose of these :zests was to examine
the learning differential for this least favorable format =--
short and highly concentrated. Further, we measured only
the effect of the computer-based activities, rather than the
combined effect of lessons plus computer activities. Thus,
the effects we observed were over and above those obtained
by good printed materinls.

The remaining cua.ters of this report discuss in detail
the material and programs designed and implemented for this
study. The last chapter discusses at length the results of
and examples from these formative experiments, hopefully
conveying to the reader many of the insights that we gained
in conducting them. Before we get into these details, we
would like to present a more general view of the issues
involved in the applicability of the SOPHIE system.

Learning Electronjcs While Troubleshooting

’
Although the original purpose of SOPHIE's
computer-based learning environment was to teach

troubleshooting skills, it has a much wider applicability
than first realized. The troubleshooting =scenario that
SOPHIE supports also serves as an excellent pedagogical tool
for erystallizing a student's knowledge of electronic
theory.* Theory alone does not constitute a useful knowledge

*Of course, a deep understanding of electronies is also
essent.ial to expert-level troubleshooting.

9
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of electronics; it must be. combined with intuition and
practical experience. Indeed, it is the purpose of theory
to unify and organize the vast experience of many people in
a form which is easier to communicate and make predictions
frem.  But what of the student who has 1little experience
prior to learning electronics theory? He will learn many
facts and relationships which will be, at best, an abstract
body of knowledge for him. When such a student begins
working in field situations, he has a great deal of
conceptual relating and reorganizing to do.

The SOPHIE environment has much to offer students who
lack «lectronic intuition, The troubleshooting interaction
establishes practical situations in terms of which relevant
electronic theory can be explained. Thus, realistic
problems are used to instantiate bits of theory, bringing
the theory into a practical light. Having actual situations
to replace the variables in theoretical relationships closes
the 1loop, as it were, providing the facts which originally
motivated the thecry, so that a wunified wunderstanding
results, .Observations can be understool in terms of
theoretical relationships and vice versa.

Some concrete examples of this interplay of theory. and
practical experience are in order. Ohm's law is a very
basic r-lationship in electronics, stating that the voltage
across a4 resistance 1is simply the product. of the current
through the resistance and the value of the resistance:

E = IR

where:
E is the voltage
I is the current, and
R is the resistance,

Students learn ohm's law on day one. They are told that- it
must always apply in DC circuits. They work out numerous
problems which rely on the law. They know it well, in a
theoretical sense. Nonetheless, students working with the
IP-28 power supply are frequently observed to make ‘the
following error: They suspect that the current may be too
high through the load resistor, even though they know the
vnltage across it is okay (given that the load resistance is
- okay). When this error 1is brought to the student's
attention, the meaning and relevance of ohm's law becomes
immediately clearer.

This is not an 1isolated instance. Another example
concerns zener diodes. Our students had studied zeners, and
"knew" that a working zener will react to keep the voltage
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across 1itself constant. Nonetheless, on seeing 40 volts
across a 36 volt zener, many students miss the fact that the
zener must be faulted. They may even be aware that the
voltage is definitely wrong without suspecting the zener.
Again a similar dialogue between the laboratory instructor
and the student at this point is apt to 1lead to a more
meaningful understanding of zeners.

The point 1is simply that theory, to be fully
understood, requires practical examples within the studeuat's

experience to make it meaningful and wuseful. One of our
goals is to have the SOPHIE environment provide Jjust this
sort of experience, in a readily absorbable form. The

linkage of theory with experience is the stuff of which
Intuition is made. Even if troubleshooting per se were not
a prirmary goal for electronics students, such experience
proves to be invaluable because of the depth it imparts to
their theoretical knowledge.

13
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Chapter 2
LESSONS

This chapter describes our introductory booklet* which
each student readsbefore starting to use the computer-based
learning environment. The booklet 1is included 1in 1its

-entirety in Appendix II of this report. The intent of the
booklet is to establish a common base of electronic
knowledge, to provide general information about regulated
power supplies and to present a good introduction to the
I1pP-28 regulated power supply.

We used an interesting pedagogical technique to create
this material. We sought an exceptionally clear way to
explain the functional modules of the IP-28 and their
interactions. The technique we used, in part, is to present
a series of power supply designs, the first a drastically
simplified hypothetical supply. We explain not only how
this simplified version works, but more importantly, what
its shortcomings are: why it is not an adequate power
supply. We then propose a refinement to its design,
creating a slightly more complicated hypothetical power
supply. We repeat this process resulting in an evolutionary
sequence of hypothetical circuits which finally converges on
the real IP-28. For each successive version we discuss an
identified shortcoming and -how to compensate for it by
adding a new component or module. *#

We believe that such evolutionary sequences lead to 2
better intuitive understanding of the role c¢f each component
in the vreal instrument than does the usual sort of
functional description often found in instruction booklets
and technical manuals. Since each functional block
undergoes its own evolution from primitive to realistic, not
only does its intent in the actual circuit become more
easily understood, but also how its purpose is realized.
That is, both 1its extrinsiec and intrinsic descriptions
become understandable.

As an illustrative example of such an evolutionary
sequence, as 1t 1is wused in our introductory booklet, we
present here the development of the Constant Current Source
module, the: functional block in the IP-28 which is perhaps
the hardest to understand. The pedagogical challenge here
*This booklet also exists as programmed instructional
material wherein after each "frame," questions are presented
followed by the correct answers and/or remediation.

¥%#TIhese lessons are our first attempt to implement such a
tutorial scheme and reflect it only to a limited extent.
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is to find a way to explain this complicated and unobvious
module so that the student will have an intuitive
understanding of how it works. The complete circuit of the
Constant Current Sourcé is shown below:

Constant Current Source

Figure 1

There are several standard ways of explaining such a
circuit. The circuit's equations can be written and solved,
or a verbal paraphrase of the circuit structure can be
given; at best, an incremental analysis may be presented
which merely shows that current ‘and voltage relationships
are consistent with what the circuit is meant to do.

We think such explanations are rationalizations after
the act of design which don't help establish the kind of
qualitative, -intuitive understanding needed by an expert

troubleshooter. We believe a more useful understanding of
the circuit 1is closely ‘allied to understanding the
designer's intent when he designed the circuit. Qur
pedagogical technique, then, 1is one which describes a

hypothetical design for the circuit and its successive
refinements.

Complex circuits, in their initial conception, often
aren't complex. Usually a simpler initial circuit is
proposed; wunder scrutiny it is discovered to have a
shortcoming. This 1limitation is then "debugged" by adding
more components or by changing the circuit's structure.
Just as the circuit "evolves" while the designer
progressively refines his simpler earlier designs, so can
explanations of the circuit proceed in an evolutionary

13

20



sequence. First we describe how the initial simple circuit
works, then why it fails and .how a patch was made to rectify
the problem. The role of a component in the final version
of the circuit can then be understood in terms of a sequence
of patches made to an initial (and more easily
understandable) circuit. If the 1initial circuit is
understood intuitively and if the way each patch achieves
its goal 1is wunderstood, then the final complex circuit is
easily understood and remembered. '

The following excerpts from the introductory 1lesson
booklet show the 1last two steps in such an evolutionary
sequence leading to the circuit of Figure 1. The circuit
immediately proceeding the final version is established as a
curren. source as a consequence of the transistor's inherent
properties:

...Fortunately, there are better ways to make current

sources. In fact, an ordinary transistor biased as a
linear amplifier behaves as a current source for its
collector 1load resistor. This 1is true because the

collector current is determined by the transistor's
emitter-base bias, and, within certain 1imits, nothing
one does to the collector load resistance can change
the collector current.

The reason for this is inherent in the way a
transistor works. You probably recall from elementary
transistor theory that the collector current 1is ' due
almost entirely to carriers which have-been injected
into the base region of a transistor by forwurd-biasing
its emitter-base Jjunction. These carriers have
polarity which causes them to be ‘'"swept" into the
collector circuit by the collector-base bias voltage,
and their flow through the collector is what we call
the collector current. The collector current is thus

controlled only by the biasing of the emitter-bdue

Jjunction. This inherent © characteristic  of the
transistor is shown graphically in Figure 2.
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The explanation continues by delving into transistor
characteristics in some depth...

Figure 2 shows a .famfly, of collector characteristic
curves for an,h ideal - -transistor, as well as the load

lines for two different’collector resistors. These
curves are plots of collector current vs. collector
voltage for various values of base current. You'll

notice that beyond a certain minimum value of collector
voltage, the collector current remains constant with
variations of collector - voltage for a given value of
base current. Now, in Figure 2, you can see the effect
S~ of changing the resistance of the collector 1load
resistor. As the resistance increases, the operating
point of the transistor shifts from A to B. The
current through the resistor thus remains the same
while the voltage across it rises.* Earlier we

*The voltage across the resistor is the source voltage Vco
minus the collector-emitter voltage Vce.
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explained that this is exactly what a resistance
"experiences" when driven by a current source: so you
can see how a transistor can behave 1like a ~urrent
source.

...and reveals a familiar amplifier circuit as a legitimate
current source (circuit at left below). '

Amplifier as Current Source—

Figure 3

Thus the amplifier shown in Figure 3 will make a good
current source for the IP-28 if instead of driving a
collector load resistor of A-B as shown, it drives the
VL and DA of the regulator.

A shortcoming of the circuit is pointed out...

Unfortunately reality is almost never as neat as
our idealizations .of it, and the circuit in Figure 3
above still falls short of being a perfect current
source. In particular, the collector current does vary
somewhat with the load resistance because the change in
collector-base voltage caused by large variations of
load resistance affects thd emitter-base circuit. This
effect in turn causes changes in emitter current and
consequently in the collector current too.

..and elaborated at some length...

A real transistor therefore generates curves which
look more 1like the ones shown 1in Figure U below.
You'll notice that they are not "flat" 1like those of
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the "ideal" transistor but ‘tilt upward, showing an
increase in collector current with collector voltage.
A careful look at the operating points A and R on these
curves shows that the current through an associated
load resistor decreases slightly as the resistance is
increased. Because of this, a real transistor
approximates an ideal current scur~e, but doesn't, as
you see, quite make it. :

IcI )
EE NN ~ 12
-___.-—T T o e L_,S - R
urs NTED // : "
CrAANGE NI WSSt g H
- ———

P
i1
i . s
Vce

nenlictic Characteristic Curves
Figure 4

To rectify the shortcoming, an evolutionary development of
the preceding circuit is introduced. Notice below that the
complex two transistor circuit no longer appears as complex
as it did earlier. Now Q1 is seen, in a sense, as replacing
Rx in the divider circuit. It is now the component of the
voltage divider which biases Q2 whose role remains identical
to the one in the previous design.

To eliminate such "second order" effects, the more
complex current source of the actual IP-28 incorporates
an additional transistor Q1 which replaces HRx of the
simpler source. This is depicted in Figure §.
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Replacing Rx with a transistor
Figure 5

The kind of evolutionary sequence shown above has two

interesting properties, First, the seaquence depicts a

homomorphic chain of successively more complex circuits. By
homomorphic we mean that the more complex circuit can be
collapsed onto the simpler circuit by replacing a collection
of components by a single component (or at least a smaller
collection of components), still preserving the underlying
structure of the more complicated circuit. Not all design
sequences have this property. For instance, the jump from
designing a 'simple constant current source as a resistor
(see the instruction booklel for this step which precedes
the one we have just illustrated) to designing it as a
current amplifier is not a structure preserving operation.
Nevertheless, for those evolutionary sequence pairs that are
homomorphic, the above description process yields an
especially crisp and insightful explanation of how and why a
circuit works.

A second thing to notice about this sequence is that it
involves just one module in the overall instrument. As is
probably obvious, ‘the pedagogical technique we are
advocating 1is recursive. It can equally well apply to the
whole instrument as well as to an isolated functional

module.
20
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Chapter 3

TROUBLESHOOTING GAME

dagogically interesting use of the SOPHIE
t 1is to support gaming activities which exercise
troubleshooting skills. The competitive aspect of
vides additional motivation for the students to
eir skills. 1In this chapter, we shall exemplify
of gaming activities by presenting one such game
the two-team troubleshooting game -- and
its pedagogical motivations. We include
transcripts of two gaming sessions in order to
reader a glimpse at the kind of reasoning that is
oyed by each team. The first transcript 1is what
typed and saw printed at their terminal. The
ilarly records the computer interaction, but also
a transcript of what the team members said to each
he process of loceting the fault. The transcript
rbal interactions between team members illustrates
ting protoco. gathering technique for studying the
| struciure of how people reason in
oting.

ription of the Game

wo-team troubleshooting game is played by two
h consisting of two people. Each team has its own
nd can work at its own pace, waiting for its
only when absolutely necessary. The game begins
team (referred to as the "inserting team")
g an arbitrary fault of their selection into the
They must also set the front panel controls to
n external symptom of the fault. The other team
ugging team") must then find the fault by
' a sequence of measurements. Each measurement has
ch roughly reflects the degree of difficulty in
at measurement in a real instrument. For each
't the debugging team makes, the inserting team
ict the qualitative outcome of the measurement.
g is based on the cost of measurements made by .the
team, adjusted by the success of the inserting
predicting the outcome. Thus, it is to the
of ‘the inserting team to choose difficult faults
es so difficult that their consequences can't be
The debugging team, of course, does its best to
e fault with the. least expensive sequence of "
ts. After each fault, the teams reverse roles,
.econd team inserting a fault for the first team to
ot .
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~c designed this game with two instructional
rind. First, we wanted a self-motivating act
promoted cost-effective troubleshooting. Second,
an activity which required the student to e
causal and teleologicil understanding of the devic
well at this game, requires both types of skills.

Basing the score on the total cost incurre

- debugging team encourages them to minimize the

measurements they perform. Since the cost of any
type of measurement can be changed, the scoring
can even be used to control the method of trout
encouraged by the game. At present, the
measurements are assigned to stress careful obser
external behavior of the faulted instrument,

troubleshooting strategy. The second goal is
requiring the inserting team to qualitatively
effects of their fault. Since the inserting

required to set up the front panel controls to
symptom, just selecting a fault requires underst
the purposes and interactions of the functional
the circuit. This understanding is further testec
they are queried about a quantity measured by the
team. The overall effect of the game is .that eact
probe its wunderstanding, no matter which side ¢
they are currently playing! If they are trying to
fault, then they must choose each measurement tc
as much as possible. If they are choosing the fa
must consider the set of measurements their oppon
make in the light of their ability to predict the

The use of two person teams, instead of i
playing against ~each other, turns out to be
important. Teams are more adventuresome, more w
exercise their wunderstanding to its 1limits.
choosing a fault, the team members would argue
possible ramifications of the proposed fau
requiring substantial pooling of their information
as debugging each other's misconceptions. Like
two person team troubleshooting and having to agre
next best measurement to make, there would b
discussion of what could be deduced from each-
measurement and why.

An interesting by-product of usinr two person
that it provides a beautifully simple way to get
on the reasoning patterns and knowledge
individuals. We have often tried to collect pr
students troubleshooting in order to analyze
particular person was reasoning. However, asking
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to vert.:lize why he is making certain measuremcnts produces,
at best, an introspective and somewhat self-conscious
interpretation of what he is really thinking, providiug us
with less than satisfactory information. However, the. kinds
of discussions or arguments that wunfold between the team
members provide us with surprisingly detailed information
about how they are reasoning.* And it all happens very
naturally! Later in this chapter, we provide a complete
annotated transcript which illustrates the kinds of
information generated by this interchange.

Rules for the Two Team Troubleshooting Game

The following section presents the rules governiné both
the inserting- and the debugging-t~2m3 and describes the
scoring algorithm.

Inserting Teum

The inserting team must fault the instrument and set
the front panel controls subject to the following
constraints:

1. The 1inserted fault must not propagate (cause other
components to blow out) under the settings used. If a
propagation occurs, the inserting team loses 10 points
and must insert a fault again.

ny

The inserted fault, under the setting selected, must show
an external symptom. If it does not, the inserting team
loses 10 points and must try again.

3. The 1inserting team must predict qualitatively, with
respect to a working instrument, whether measurements
taken by the opposing team are high, low, or okay.

Debugging Team

The debugging team, given the instrument faulted by the
inserting team, must perform measurements on the instrument
to determine what is wrong. Measurements have the following
costs:

An external voltage or current measurement costs 1.
An internal voltage measurement costs 2.

An internal current measurement costs 4.

An internal resistance or power dissipation
measurement costs 6.

ano ow
R e g

*¥Such an analysis is useful in order to achieve a more
structural means of evaluating how much a subject had
learned or evaluating how well he was actually performing.
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When the debugging team believes they have isolated the
faulted component, they attempt to replace it. If they are
wrong, their cost is increased by 10 points.

Scoring

The object of the game is to get as many points as
possible, However, only the team that inserts the fault
obtains any points, (Remember roles are switched at the end
of each session!) The inserting team's score is:

S =C (R/N) - P

where:
C is the cost accumulated by the debugging team,

R is the number of right predictions made by the
inserting team,

N is the total number of predictions requested of the
inserting team, and

P is the penalty score for insertion errors (see
above).

Gaming Scenarios

In order to provide an interactive understanding of how
this game 1is structured and how it appears to the user, we
have included an annotated game protocol. This protocol was
generated troubleshooting the 1IP-28 power supply whose
schematic and description are contained in Appendix A. Some
readers might prefer to skip this rather lengthy protocol
and proceed to the following section which provides an
annotated, typed transcript of the dialogue that transpired
between two team members playing a game. This second
transcript contains an excellent example of the skills being
exercised in the game.
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PROTOCOL OF TWO TEAMS ENGAGED IN A GAMING SCENARIO
INSERTING TEAM'S PROTOCOL

MENU CHOICE: GAME

IN ORDER TO ESTABLISH A CONNECTION BETWEEN YOU AND YOUR OPPONENT, IT
IS NECESSARY FOR ONE OF YOU TO INITIATE A SIGNAL AND THE OTHER TO WAIT
FOR IT. DO YOU WANT TO INITIATE? (YOU MUST KNOW .YOUR. OPPONENT'S JOB
NUMBER. ) ~ '

> YES

WHAT IS YOUR OPPONENT'S JOB NUMBER?

> 1

JOB 7 IS READY.

DO YOU WANT TO INSERT THE FIRST FAULT?

> YES

HOW DO YOU WANT ME TO FAULT THE INSTRUMENT FOR YOUR OPPONENT?

>> LET R22 HAVE THE WRONG VALUE.

IS IT OKAY IF I USE 25 FOR THE VALUE OF R22 ?

> N0 £

WHAT VALUE SHOULD I USE?

> 8

NOW THE VALUE OF R22 IS 8

The inserting team is allowed to fault any part in the instrument
and can 1increase their score by choosing a fault which is
difficult to find. However, they are expected to be able to
predict the consequences of his fault in two ways. First, they
must set up the instrument controls so that the instrument is
malfunctioning. It 1is to their advantage to choose settings
- which make their fault look like 1lots of other faults. This
encourages them to do careful analysis of the effects of the
controls. Second, each time the debugging team - makes a
measurement, the inserting team will be asked to predict the
results of that measurement. This forces them to do analysis on
how their fault interacts with all of the funcectional blocks in
_the circuit.

PLEASE GIVE ME SOME CONTROL SETTINGS WHICH CAUSE YOUR FAULT
TO EXHIBIT SOME EXTERNAL SYMPTOM. :

WHAT SHOULD THE CURRENT CONTROL BE?..

> 1.0 :

WHAT SHOULD THE CURRENT RANGE SWITCH BE?

> HIGH

WHAT SHOULD THE LOAD BE?

> 2000

WHAT SHOULD THE VOLTAGE CONTROL BE?

> . :
WHAT SHOULD THE VOLTAGE RANGE SWITCH BE?
> HIGH
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THOSE SETTINGS DON'T SHOW A SYMPTOM.

THE OUTPUT VOLTAGE IS 24.3 VOLTS WHICH IS CORRECT

BECAUSE IN A WORKING CIRCUIT THE OUTPUT VOLTAGE IS 24.3 VOLTS.
YOU GET DOCKED 10. POINTS!

WOULD YOU LIKE TO TRY A DIFFERFNT FAULT?

> NQ

The first settings the inserting team picked didn't show a
symptom. They are penalized because the debugging team knows
this fact before they even begin troubleshooting. In
addition, they are docked 10 points.

PLEASE GIVE ME SOME CONTROL SETTINGS WHICH WOULD CAUSE YOUR FAULT
TO EXHIBIT SOME EXTERNAL SYMPTOM.

WHAT SHOULD THE CURRENT CONTROL BE?

> .94 -

WHAT SHOULD THE CURRENT RANGE SWITCH BE?

> HIGH

WHAT SHOULD THE LOAD BE? _

> 30 |

WHAT SHOULD THE VOLTAGE CONTROL BE?

> 1.0 . .

. WHAT SHOULD THE VOLTAGE RANGE SWITCH BE?

> HIGH -
THOSE DO SHOW A SYMPTOM.

YOUR OPPONENT IS NOW FINDING THE FAULT.

For each measurement the debugging team makes, the inserting team
is asked to predict the result. This querying of the inserting
team is shown between the long line of dashes and the short one.
Then the inserting team is shown what transpired at the.debugging
team's terminal.

DO YOU THINK THE OUTPUT VOLTAGE IS HIGH, LOW OR ABOUT RIGHT?
> LOW _
THAT'S RIGHT

YOUR SCORE SO FAk IS 1 OUT OF 1

>> WHAT IS THE OUTPUT?
THE OUTPUT VOLTAGE IS 1.86 VOLTS.

>> IS THAT CORRECT?
THAT VALUE IS INCORRECT BECAUSE IN A WORKING CIRCUIT
THE OUTPUT VOLTAGE IS 2.93 VOLTS.

THE CURRENT CONTROL IS NOW 1.0.
DO YOU THINK THE OQUTPUT VOLTAGE IS HIGH, LOW OR ABOUT RIGHT?

~

3:1 L
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> LOW

THAT'S RIGHT

YOUR SCORE SO FAR IS 2 OUT OF 2

>> WHAT IS THE OUTPUT WHEN THE CC IS 19
THE OUTPUT VOLTAGE IS 1.83 VOLTS.

THE BASE EMITTER VOLTAGE OF Q5 IS HIGH. LOW OR ABOUT RIGHT?

THE BASE EMITTER VOLTAGE OF Q5 IS -.28 MILLIVOLTS.
WHICH IS INCORRECT BECAUSE IN A WORKING CIRCUIT
THE BASE EMITTER VOLTAGE OF Q5 IS .532 VOLTS.

YOUR SCORE SO FAR IS 2 OUT OF 3

>> WHAT IS THE BASE EMITTER VOLTAGE OF Q52

THE BASE EMITTER VOLTAGE OF Q5 IS ~-.28 MILLIVOLTS.

YOUR OPPONENT THOUGHT THERE WAS SOMETHING WRONG WITH Q5
WHICH TURNED OUT TO BE AN UNREASONABLE HYPOTHESIS

>> COULD Q5 BE SHORTED?

NO

In the future versions, the inserting team may be queried as to
whether or not the debugglng team's hypothesis was correct.

IS THE VOLTAGE ACROSS R7A IS HIGH, LOW OR ABOUT RIGHT?
> RIGHT

THAT'S RIGHT

YOUR SCORE SO FAR IS 3 OUT OF %

>> WHAT IS THE VOLTAGE ACROSS THE VOLTAGE CONTROL?

THE VOLTAGE ACROSS R7A IS 28.9 VOLTS.

DO YOU THINK THE COLLECTOR CURRENT OF Q2 IS HIGH, LOW OR ABOUT RIGHT?
> RIGHT

THAT 'S RIGHT

YOUR SCORE SO. FAR IS 4 OUT OF 5

>> WHAT IS THE COLLECTOR CURRENT OF Q22

TH*COLLECTOR CURRENT OF Q2 IS -.59 MILLIAMPS.

DO YOU THINK THE BASE EMITTER VOLTAGE OF Q3 IS HIGH, LOW OR ABOUT
RIGHT?
> RIGHT

25




THAT'S RIGHT

YOUR SCORE SO FAR IS 5 OUT OF 6

>> WHAT IS THE VBE OF Q3¢

THE BASE EMITTER VOLTAGE Of Q3 IS .48 VOLTS. .

>> REPLACE Q3
Q3 NOT REPLACED.

Here again the inserting team may be queried as to whether or no
it was reasonable to replace Q3.

DO YOU THINK THE CURRENT THRU R22 IS HIGH, LOW OR ABOUT RIGHT?
> HIGH

THAT'S RIGHT

YOUR SCORE SO FAR IS 6 OUT OF 7

>> IS THE CURRENT THRU R22 CORRECT?

THE CURRENT THRU R22 IS 60 MILLIAMPS.

WHICH IS INCORRECT BECAUSE IN A WORKING CIRCUIT

THE CURRENT THRU R22 IS 1.8 MILLIAMPS.

>> REPLACE R22
R22 REPLACED

The debugging team found the fault in a total cost of 40. The
inserting team 1is given a percentage of this score depending o
how well they predicted the consequences of their fault. :

YOUR OPPONENT FOUND THE FAULT. HIS ACCUMULATED SCORE WAS 4
YOU KNEW 6 OF 7 THE MEASUREMENTS YOUR OPPONENT MADE SO YOU GET
34.3 POINTS.

NOW IT'S YOUR OPPONENT'S TURN TO CHOOSE THE FAULT.
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DEBUGGING TEAM'S PROTOCOL

MENU CHOICE: GA
DO YOU WANT TO
> NO

YOUR OPPONENT IS JOB 32

YOUR OPPONENT IS 'FIXING' THE INSTRUMENT.

ME
INITIATE?

The debugging team waits for their opponent to fault the
instrument and set its controls so that it is exhibiting a
symptom.

HE HAS CHOSEN A FAULT AND IS SETTING UP THE INSTRUMENT CONTROLS.
HE HAS SET UP THE INSTRUMENT AS FOLLOWS:

CC=1.0, CR=HIGH, LOAD=2000, VC=.8, VR=HIGH

BUT THOSE SETTINGS DON'T EXHIBIT A SYMPTOM SO HE IS TRYING

TO PICK A DIFFERENT SET.

The settings which the inserting team picked didn't show a
symptom so they have to find some others that do. The debugging
team now has the advantage of knowing some settings which don't
show a symptom without being charged for it.

HE HAS SET UP THE INSTRUMENT AS FOLLOWS:
CC=.94, CR=HIGH, LOAD=30, VC=1.0, VR=HIGH
YOU MAY BEGIN TROUBLE SHOOTING.

>>WHAT IS THE OQUTPUT
THE OUTPUT VOLTAGE IS 1.86 VOLTS.
ACCUMULATED COST = 1

The debugging team now troubleshoots the instrument with a cost
being assigned to each of their measurements. External
measurements‘are cheap. ‘

>>IS THAT CORRECT

THAT VALUE IS INCORRECT BECAUSE IN A WORKING CIRCUIT
THE OUTPUT VOLTAGE IS 2.93 VOLTS.

ACCUMULATED COST .= 3

The debugging team can use a working circuit to qgke reference
measurements but they are charged for it. ’

— — e L =2 o e

WITH THE CURRENT CONTROL NOW SET TO 1
THE OUTPUT VOLTAGE IS 1.83 VOLTS.
ACCUMULATED COST = 4

>>WHAT IS THE BASE EMITTER VOLTAGE OF Q5
THE BASE EMITTER VOLTAGE OF Q5 IS -.28 MILLIVOLTS.
ACCUMULATED COST = 6
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Internal measurements are more expensive than external ones.

>>COULD Q5 BE SHORTED ?

SHOULD Q5 HAVE FAULT MODE EB/EC/BC = SH/SH/SH?
> NO
WHICH TERMINAL SHOULD BE MODELLED OPEN?
OK, I'LL USE EB/EC/BC = SH/OP/OP
WHEN THE SETTINGS WERE:

CC=1, CR=HIGH, LOAD=30, VC=1.0, VR=HIGH,
THAT FAULT DOES NOT EXPLAIN THE FOLLOWING SYMPTOM.
YOU OBSERVED THAT THE OUTPUT VOLTAGE WAS 1.83 VOLTS.
IF Q5 HAD FAULT MODE EB/EC/BC = SH/0P/0OP IT WOULD BE 30 VOLTS.
IN A WORKING CIRCUIT IT IS 29.8 VOLTS.
SHALL I CONTINUE COMMENTING ON YOUR HYPOTHESIS?
> NO

At present hypothesis checking is free to encourage the student

to present his 1ideas to SOPHIE for evaluation. In future

versions, the student may rewarded for giving correct hypotheses,
_.and charged for incorrect ones.

>>WHAT IS THE VOLTAGE ACROSS THE VOLTAGE CONTROL
THE VOLTAGE ACROSS R7A IS 28.9 VOLTS
ACCUMULATED COST = 8

>>WHAT IS THE COLLECTOR CURRENT OF Q2 °?
THE COLLECTOR CURRENT OF Q2 IS -.61 MILLIAMPS.
ACCUMULATED COST = 12

Internal current measurements are expensive.

>>WHAT IS THE VBE OF Q3
THE BASE EMITTER VOLTAGE OF Q3 IS .49 VOLTS.
ACCUMULATED COST = 14

>>REPLACE Q3
I AM GOING TO ASK YOU SOME QUESTIONS ABOUT HOW Q3 IS FAULTED.

ARE ANY*JUNCTIONS SHORTED?

> NO

ARE ANY' TERMINALS OPEN?

> YES

WHICH TERMINALS ARE OPEN?

> EMITTER

ANY OTHERS?

> NO

THAT'S NOT ACTUALLY WHAT'S WRONG. LET'S SEE IF IT WAS REASONABLE.

UNDER THE SETTINGS:

CC=1, CR=HIGH, LOAD=30, VC=1.0,VR=HIGH

THE EAULT WHICH YOU PROPOSED WILL PROPAGATE
LIKELY FAULTS WHICH MIGHT OCCUR ARE:
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R22 OPEN

WOULD YOU LIKE ME TO COMMENT ON YOUR HYPOTHESIS AS IF NO OTHER PARTS
HAD BLOWN?
> YES

|
t

THAT FAUhT AGREES WITH ALL OF THE MEASUREMENTS THAT YOU HAVE TAKEN
UNDER THE PRESENf SETTINGS.

SHALL I CONTINUE COMMENTING ON YOUR HYPOTHESIS?

> NO

Q3 NOT REPLACED.

ACCUMULATED COST = 24

>>IS THE CURRENT THRU R22 CORRECT ?

THE CURRENT THRU R22 IS 61 MILLIAMPS WHICH IS INCORRECT

BECAUSE IN A WORKING CIRCUIT THE CURRENT THRU R22 IS 1.8 MILLIAMPS
ACCUMULATED COST = 30

For this queétion the team 1is charged for both the internal
current measurement and the reference measurement.

>>REPLACE R22

IS R22 OPEN OR SHORTED OR DOES IT HAVE THE WRONG VALUE? )
> ITS VALUE IS WRONG o
IS THE VALUE TOO HIGH OR TOO LOW?
> LOW

R22 REPLACED.

ACCUMULATED COST = 40

The debugging team finds the fault, is told the inserting team's
score and is given a chance to insert a fault of their own.

YOUR TOTAL COST WAS 40 ,
YOUR OPPONENT KNEW WHAT 6 OUT OF 7 OF YOUR MEASUREMENTS WOULD BE
SO HE GETS 34.3 POINTS.

NOW IT'S YOUR TURN TO INSERT A FAULT.

HOW DO YOU WANT ME TO FAULT THE INSTRUMENT FOR YOUR OPPONENT?
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Iranscript

Most of the experiments we conducted around the gaming
activity were focussed on investigating how best to
structure the rules for the game, what its pedagogical
benefits were, and how students reacted to it. Therefore,
we decided to tape record some of ‘the games.* We have
included below a complete annotated transcript of one of
these sessi¢ns -- one which we think accurately portrays the
kinds of involvement typical of all of these sessions.

- - w an - -

®¥Since these transcripts had to be synchronized with what
was being typed on the computer terminal, we developed a
simple technique to record the dialogues and provide
automatic synchronization. We used a Y4-channel high quality
tape recorder. Two channels were used to record team
conversations, via microphones placed in the separate work
rooms. The remaining two channels recorded the acoustic
coupler signals which produced the terminal interactions,
thus preserving the exact sequence of events. Because of
this recording technique, we can accurately reproduce the
entire session, displaying the terminal interacti n via
acoustic coupler on a terminal while playing the recorded
conversations through audio speakers. :
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SAME TRANSCRIPT AND PROTOCOL (GROUP C)

HE HAS SET UP THE INSTRUMENT AS FOLLOWS:
. i 8

. CC .
CR HIGH
LOAD 10
Ve .8
VR HIGH

YOU MAY BEGI!N TROUBLESHOOTING

J: We are on [VR] high, [CR] high. [vC] .8. [ccC]
.8 and the load is 10 ohms.

S: Everything is on high, everything else is low.

J: OK. that means we'ye got to be in current
limiting. Because wgﬂye got 30 volts. maybe like
25 volts out-and a 10 ohm'load. so we will be in

current limiting.

S: OK, we have 10 ohms in the [inaudible] ask for
0V. [pause] OK now why do you say that this thing
is in current limiting now?

J: You got a 10 ohm load and about 25 volts out.

>>WHAT IS THE 0OV?
THE OUTPUT VOLTAGE IS 6.1 MILLIVOLTS.
ACCUMULATED COST = 1

S: OK, the output is 6.1 millivolts. We ought to

check to see what the output is of the reference
voltage.

>>WHAT IS THE V ACROSS C2?
THE VOLTAGE ACROSS C2 IS 28.9 VOLTS.
ACCUMULATED COST = 3

J: Ok. Now we want... This thing is in current
limiting. OK, yes. because everything is high and
the voltage is so low. It's costing us money now.
The voltage across C2 is 28.9 volts. It's good!
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SOPHIE prints settings which
opponent has chosen.

After getting 'burned’ a
few times, students are now
very careful to note how the
instrument i1s set up. This
tells them how it should
behave. T

A simple use of ohms law
tells them that a working
IP-28 would be in current
limiting mode.

Student is ttatirg 2 hypothe-
sis implictitly:. the reference
module could be faulted.

Minimizing cost i8 strongly
motivated by the game compe-
tition. They're excited and
involved.



It's good! You know it. [pause]

~

.3: OK. We cught to check. Jjust to isolate things, :
we ouvht to... it might be worthwhile to check Discussion of altemmative

out. the output current [of the Constant Current measurements - cost ps. benefit
Source]. If this output current... —_— .

J: I was thinking of checking the voltage [at N4].
It's cheaper.

S: We know tnis is a constant current source. We
Know what the current has to be. but we don't know
where it's «going... We don't know what the

voltare is, though.
J: We could tell if it is very low.

5: How can you tell?

J: It is supposed to be 23 volts. I think. Students debuaqgi h
Something like that. 24 vnlts. other's modelgga;‘gt}ezzccimuit‘
3: The thing varies. On some loads it's 30.6 "Peer teaching” helps both
volts and on some loads it's 23 volts. Like for parties.

instance., they had this thing set at .8...

J: The thine 1is, Steve. I don't want to use This shows how the differential
current measurements until-the very end! Current (and realistic) costs of
measur~ments cost money. You make current measurements impact thinking

measurements when you're sure you have found the
section at fault,

S: If we make this current measurement here

[output current of CCS]. it's going to tell us if Here is an inference step
this voltage measurement here [at N1] is OK or which the student has invented
not. Up here at the output of the DCS. You see ~ the Expert Debugger does

my point? That way we are making a voltage not use it!

measurement and a current measurement. A current
measurement is telling us if this thing here is QK
here [voltage at N1].

J: OK. Go head. but it's going to cost money.

S: But. OK. let's say that this [voltage at N4] is St“de"f pa;’"ts outhg{z;t

at 15 volts. You might argue that that's high and measurements for which you

I might argue that's low. have no norm are of little
value.

J: OK. let's do the current measurement.

S: We know it has to be .6 [milliamps]. So the more useful, though more

costly measurement is made.
J: IQ2.
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IC OoF <7
CURRENT wr QZ 13 -.6' MILLIAMPS,
ST = 7.

sod.
have tu figure out where that
oing t~. T[here's two ways we could
We ¢ rtake' V [of Q6] and V [of

nieh one 1s drawing all the current.
the output voltage should be on
", we can't tell dammit,

oW that it shouldn't be 6.1

about the output voltage?
'ht nere,

it can't be 6.' millivolts because
.put of Vref] s 23.9 volts. The
iwve. The reference voltage and the
should be the same.

.hose two voltage measurements.

take {t, what's that going to

‘he voltage measurement across Q6,

if Q6 is conducting very heavily.
iing ec28 for Q5. If the voltage is
at it {s conducting heavily.

ely in current or voltage limiting.
wo paths is taking the current away

One of those two paths. Almost
t's most 1likely one of these two
these two paths more than likely is
rrent away. And we can find out by
voltage drop here [Vce Q6] and
ce Q5].

here aren't you assuming that this
r {s dropping all the voltage? If
liamps. I am going to assume that
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Using Kirchoff's law: the
current muat be going
somewhere,

This teleological statement
ig wrong, migeing two caveata:
There i8 an offeet and even
80, the relation is only

when not current limiting

as it 18 here. Thia error
doean't hurt them this

time. ..

An Excellent example of a
"rational"” or "non-rote"

approach to troubleshooting.

Again, a caveat is wnstated.

Teleological knowledge based
on Kirchoff's law (above).



it's 50 volts right here [at N1].
J: Yes, that is reasonable.

S: OK, you want to check the voltage at N5 and see
if the Darlington pair 1is dropping all the
voltage?

J: Definitely, definitely. No doubt in my mind at
all., I don't even think that 1it's worth
measuring.

S: It isn't worth measuring?
J: Nope. It has to be., Steve.
S: What?

J: It has to beAdropping all the voltage. One of
these two paths has taken the current away.

S: What happens like for instance if this thing is
dropping no voltage and what it is is that this
resistor right here [R16] is open? What happens
then? By your logic it is going to be giving us
the same indication there.

J: OK. If that's true, then there'd be no bias.
Oh, yes. There would be bias. OK, you want to
measure that. Let's measure it, what the hell.
We only got 7 [points] nere. [inaudible]

>>V AT N5 L
THE VOLTAGE AT N5 IS 6.0 MILLIVOLTS.
ACCUMULATED COST = 9.

J: Ok so, it isn't being dropped across there.

S: So we don't even have to bother to look over in
this area then. VCE Q6.

J: OK, all the voltage is being dropped [across]
the Darlington pair there. O0K. Why don't we just
write down exactly just what could cause these
~ symptoms. OK, the first thing is that DA is open.
S: DA?

J: DA. Darlington, you know the block DA. DA is
open.
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Avoiding a useless measurement.

Interesting team interaction.

Alternate hypothesis which
explains observed symptoms.

Alternate hypothesis is
eliminated by a single measure-
ment.

New plan: Enwmerate remaining
possibilities (per the Expert!).

Hypothesis I
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Aruitoxt provided by Eic:

S: Q6 conducting heavily. Q5 conducting heavily.

J: Well, if you had Q6 conducting heavily, I would
think that that can't be the situation because you
would probably have .6 milliamps times 10 ohms
which will give us about 6.1 millivolts.

S: Times 10 ohms?

J: Yeah. I mean that would, hey wow!! That's a
real good bet, Because look at this:

S: .6 milliamps times 10 ohms gives you 6.2
millivolts. You're right. you're right. There
might be a direct short right there. Or right
there, that would be it. V Q6.

J: OK. This could be the baby!
S: Yeah. V Q6. -V Q6.

- -

>>VCE Q6

THE COLLECTOR EMITTER VOLTAGE OF Q6 IS .13
MILLIVOLTS.

ACCUMULATED COST = 11.

J: Well, baby! That looks like .13 millivolts. I
mean that thing 1isn't even shorted out. I mean
that thing isn't saturated because saturated would
give us .4 volts,

S: Right.

J: The thing is shorted out. We have pgot the
problem. baby!

.5: That's right, it would have to be at least .6

volts. wouldn't there? Replace Q6. 1I'm game.

"J: I'm game too. but OK now...

S: Let's take one more thing. That won't prove
anything, will it?

J: I mean we have already... I mean it |is
physically 1imrossible for that transistor to be
operating correctly and to have that voltage
across it.

S: Well, the other possibility is that the voltare
Just isn't available in the first place. 0K?
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Hypothesis II

Hypothesis III

Discussion of Hypothesis II.

An exeiting thing has
happened: The students have
!lsoovered a fact of which we
were wiaware, despite inti-
mate familiarity with the
instrument.! For this and
similar faults, the only
current arriving at the
output tg coming from the
eonstant current gource!
Students have good reason
to be excited.

It must be Hypothesis II.

Student overstates meaning
of last measurement,

And ig corrected by his
partner: 1 good point.



J: Oh., I see what you mean. But it is
available..,

S: If there was a short right here.

J: No it is available. Ok. we know here that
(there's no ground here. is it?) there is a wire
running:down like this, If you had a short here,
Steve, there wouldn't be any voltage avzilable
here. :

S: But don't forret that at this point here fat
output] we have 6.1 millivolts,

J: Where is 6.1 millivolts?

S: See. 6.1 millivolts, See’ you have 6.2
millivolts here [at output] and it drops about .1
millivolts through there [Q6].

J: OK. so it's 6.1 millivolts there and if this
was shorted right here we could still do that. We
could ask for IC Q6. Just to be safe. I would
rather take the four extra points than to replace
the wrong component.

S: OK, I see what you mean. OK. now I Q6. You
say that it could be shorted. Let's just say that

it is sherted right to mround. You are going to .

have a ground potential at this point...

J: You would have the same thing. like a real low
voltage. Jjust the lead resistance of the same
thine, like this .13 millivolts,

S: 0K, let's say that it could be 1like 5.9
millivolts and the difference between the two
could be .13 millivolts., I see what you mean.
It's definitely a point there. But now if we were
to check 1 Q6.

J: And found that to be .6 milliamps, we got it,

S: I would rather do that than to replace it.
[inaudible] .

J: You're right. I Q6.

>>IC Qb
THE COLLECTOR CURRENT OF Q6 1S .6 MILLIAMPS,
ACCUMULATED COST = 15,
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An attack of oaution,

Disouss what measurement
would make them absolutely
aure.

They perform the aonfirming
Meagurement,
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S: Un, we should have replaced it! Replace Q6.

>>HEPLACE Qo
I AM GOING TO ASK YOU 30ME QUESTIONS ABOUT HOW 96
[S FAULTED. :

St It's voing to azk 3ome auestions.

I¥ AT  ANY TIME  Y3U  WOULD LIKE TO MAKE MORE
MEASUREMENTS . SIMPLY TYPE CONTROL=-E,

ARE ANY JUNCTLONS SHORTED?

>YES

AHICH ONES?

JEMITTER [u COLLEUTIH

ANY OTHERS SHURTED?

>NQO

THE CoMPLEL®  ¢AULT  MORE  WAS THAT Qo HAD ITS
EMITTFN  COLLECIJIR  JUNCTION  SHURTED AND [TS BASE
DPEN.

Gt REPLACED,

ACCUMULATED CoST = '3

WALTING FOH WURD FRUM QTHEHR PLAYER,

Ji It doesn't matter. It won't hurt our score.
JK. But Wwe know this tnine onlv accepts it. Base
open., Wow that was cheap. We did eood. man. we
did rood,.

‘d  pabv, we are pooood! [repeated several

<
timen] o

J: We should have nad 15,
5: T think it was worth the 3 points,

Ji: I think s0 to, actually. because there was a
possibllity that it could have been Q5 short.

-t

And realize their ovep-
Hwutron.

SOPHIE asks for etailed
fault mode.

They had the exact fault
mode., (SOPHIE would have
1llowed them to be wrong
about the base.)

A little gloating i{a in opdep,



Technical Details

Eefore discussing some of the implementation details of
the two-team troubleshooting game, it is worth noting that
much of the pedagogical leverage of this game stems from
SOPHIE's use of a general purpose circuit simulator. Unlike
many training "simulators" which faithfully simulate the
outer appearance of a device but which rely on only a finite
set of tables to "simulate" its internal behavior, SOPHIE
has, 1in effect, an infinite set of tables, any one of which
it can pgenerate on the fly. This means that SOPHIE is not
limited to handling only a pre-determined set of faults or
measurement ports. This flexibility is crucial in the game,

for without it each team would be restricted to
pre-determined faults. (Troubleshooting would then become
more like that of finding out which of .a (small)

predetermined set of possibilities is in fact the selected
fault.) Furthermore, the challenge of dreaming up unusual
and potentially pathological faults would be all but
eliminated, resulting in a much 1less challenging gaming
environment.

During a game, one team is debugging the instrument and
the other team 1is being quizzed about the 'debugger's
measurements. To implerent this within the SOPHIE
environment required only the following changes: the normal
SOPHIE executive routine was rewritten so that, when playing
a game, it sends the semantic forms of all the debugging
team's statements to the inserting team's version of SOPHIE.
The 1inserting team uses a new executive which reads a
semantic form from the communication file, quizzes the
inserting team about it (if necessary) and executes it in
the inserting team's system so that they are aware of the
debuggers' context. In addition, the gaming situations
require routines to keep track of both teams' scores, to ask
for a fault and settings and determine if they exhibit
symptoms, and to switch roles at the end of the game.

The communication link between two teams in a gaming
scenario 1is established via files. Each team has its own
copy of SOPHIE (running as its own process), so that each
team works at its own pace and only has to wait for the
opponents when absolutely necessary. The.situation is shown
in Figure 1.
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Chapter 4

EXPERT DEEUGGING INTERACTION

The expert dJebugging interaction was designed to
complement SOPHIE lab activity. It had been our experience
that tepinning SOPHIE users needed a 1lot of prompting in
order to make good use of the full range of lab facilities.
We sought an activity which would provide a gradual path
towards full use of the SOPHIE flab, and which would explain
debugging strategy to students.

To this end, the Expert Debugger was implemented. The
Expert is a program which is.able to diagnose faults in the
IP-28 power supply at a function-block level.. More
significantly, it 1is able to explain its logic, its
hypotheses, and its conclusions as the debugging proceeds.
To the student wuser, it appears as an experienced,
thoughtful and articulate expert. The interaction is made
more’ engaging by having the student predict, in a
qualitative way, how the faulted instrument behaves.

This chapter discusses the expert debugging interaction
in terms of its -educational motivations and impact, and
debugging strategy. It also- provides a detailed description
of the interaction and an annotated sample run.

Educational Rationale

There are several pedagogical reasons for conducting
the Expert Debugging Dialog. First, the Expert views the
instrument at a high level -~ in terms of distinct boxes
which interact in known ways. In other words, the Expert
has 2 high-level teleological model of how the IP-28 works.
Without having to make measurements within functional
blocks, the Expert is able to determine which block contains
the fault. Whereas this fupctional approach is only one of
many possible debugging methods, it encompasses much of ‘the
teleolory of the instrument, and is methodical and
explicable. 1The ztudent who develops a personal debugging
stratepy which jproceeds from external symptoms, through
meaningtul internal blocks, down to the component level will
have au  approoch which will work for most of the faults in
the instrimnant., '

A second reason for doing the expert debugging
interaction 1is that it provides practice making predictions
of the consequences of faults. The ability to make such
predictions 18 wvaluable 1indeed, because it allows one to
cvaluate one's own hypotheses of faults in the instrument.
For instance, {f I suspect that the current limiter is
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always conducting, I must be able to predict the
consequences of this fault to see whether they match the
symptoms which I observe in the actual instrument. Then,
even if I don't know which faults are the most likely, I
will be able to use existing symptoms to check out a variety
of possibilities in my head. One' goal of the Expert
interaction is thus to help studentsr become better at
proposing and checking their own hypotheses.

A final pedapogical motivation for using the Expert is
2s a vpgentle introduction to the SOPHIE 1lab. When the
student makes an erroneous prediction, the program shows him
a2  SOPHIE interaction . which discovers the correct answer.
Thus, a beginning student is exposed to a variety of
questions which he might use 1later in the SOPHIE 1lab
interaction. He is shown how questions as he might conceive
them can be translated into measurements in the instrument.
When isolating the actual component fault within the faulted
block, the student has a well-defined and relatively easy
task to perform in the SOPHIE lab, compared to debugging the
whole instrument.

One way of viewing the process of learning how to debug
an  1instrument is in terms of moving from static to dynamic
models. A student may start out with an understanding cf
the power supply which could be summarized by a simple
statement of intent: "The supply puts out a fixed voltage."
This model contains no variables, and is thus essentially
static. A more refined model contains provision for one
contingency: "The supply puts out a fixed voltage, unless
its current limit is exceeded, in which case it puts out
less." The model develops to encompass internal parts and
more interactions. '"The power supply puts out a voltage
equal to the reference voltage, unless..." And so on. More
and more variables are added as the understanding of the
power supply improves.

Mechanisms are required for pointing out to students
ways -tn which their developing models do not mat.ch the
real-world situation. Conflicts of model with fact are the
raw material of which better models are made. The e Xxpert
debugping interaction provides many small opportunities of
this sort for students to improve their understanding.
kvery time a student makes a wrong prediction, he has an
opportunity to go through a "What? That can't be! Aha "
cycle which improves the accuracy of his world view. Other
opportunities also arise in the SOPHIE environment -- in the
lesson material, debupging activities, two-team pgames, and
50 on. Nonetheless, the Expert scenarios are particularly
rieh in this respect.
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In order for such conflicts to be used, however, they
must be perceived by the student. This is one reason why we
chose to alternate Lab and Expert activities. Either alone,
white useful, is less effective than the combination. This
iz because troubleshooting provides not just motivation but
a set of experiences with wunexplained elements. When
Similar situations arise for the Expert, the explanation is
At once more concrete and digestible. Conversely, things
which concern the Expert -- reasons fqor inferences, paveats,
and the like -~ which may well not bedssimilated on first
reading, may make sense later in a debugging problem which
can be solved by appeal to them.

Expert Debugging Strategies

The debugging tree used to implement the Expert is only
one of many which might have been employed. Its important
characteristics are that it operates at a function-block
ievel, relies on only qualitative measurements, contains
nultiple strategies, and makes only measurements which are
teleologically significant. These qualities will be taken
up below, each in turn.

There are several reasons for operating at a
function-block 1level. Doing so promotes a basic analytic
approach to the instrument: without some decomposition, it
would be very hard to understand. Nonetheless, most
inexperienced troubleshooters tend to jump in cold, testing
at a very 1local level. In a circuit of even moderate
complexity, such an approach will more often than not lead
to wasted time and components and may never locate the
fault. Thus, a higher level approach is desirable -- one
which takes into consideration the intent of collections of
components and which establishes expectations to compare
with measurements. A block-wise model of the instrument is
a convenient mental shorthand for grouping collections of
components so that behavioral predictions are easier.

The debugging strategies used rely only upon
gualitative measurements. Therefore, the student only' needs
to make qualitative predictions about the functioning of his
faulted instrument, Although such an approash-will not
isolate faults in all situations in all instruments, it {is
useful for many. The sort of causal reasoning promoted by
this qualitative approach flexes the students' -logical
musccles, Chains of the sort "Well, this is too high, so
this must be too high, and this, therefore, too low..." or
"[f this goes down, then that must go up..." are important
tools. Cuch chains may need to extend through several steps
in eircuits which employ feedback or multiple stages.
Additionally, qualitative measures fit in well with the
level of explanation we deemed appropriate for the Expert to
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make. We did not want to present many arguments which
depended on the actual values of measurements in the
circuit, because we felt that to do so would be unrealistic
in situations where the instrument to be repaired is new to
the troubleshooter. Extensive experience with a particular
instrument may in fact vyield rules 1like "If the output
voltage is between 23 and 35 volts, replace D5." Such rules,
while perhaps valid for repair of familiar equipment by
average troubienhhutvru, do not teach much "#t-a conceptual
level. They do not generalize easily to other situations.

Cur Expert is not committed to any single strategy, but
rather, has several. For example, if the output voltage is
high under light load, the Expert will adopt one of two
alternate top-level strategies:

A. Extract as much information as possible from
observations of the instrument under different settings
and load, before proceeding to internal measurements,
if necessary? :

B. Make measurements which reflect on the workings of the
voltage 1limiter and voltage reference, since these are
two modules which could give rise to a high output
voltage.

Both approaches have validity. By including both, we expose
a student debugger to alternative ways of approaching the
problem. One or the other may not make sense to him or may
not suit him for some reason. Thus he has a choice of which
to adopt for 1is own wuse and is stimulated to develop
methods with which he is comfortable. At the same time, he
is exposed to logic which may make sense to him at a 1later
date. And, he witnesses an expert thgt is flexible egough
to use various strategies at different times.

Finally, and most importantly, our strategies were
developed to have measurements which were teleologically
significant. This means that each measurement is based in
some function-related differentiation of blocks within the
instrument. Although there are in principle arbitrarily
many possible sequences of measurements (decision trees),
what ‘is essential is that we have ruled ' out tests which
cannot be justified clearly in terms of function-block
interactions within the instrument.

¢

Hypothesis-lipace Splitting

There is, nonetheless, a general sort of strategy which
the Expert employs -- that of hypothesis-space splitting.
Simply stated, this just ireans that each measurement 1is
intended to reduce the range of possible faults which would
explain the symptoms observed so far. This idea may not
ceem particularly profound, and it is not. The significant
point is that the Expert carries along several competing
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hypotheses simultaneously. Instead of proposing a single
fault and performing a test to shed light on it, the Expert
consistently mentions several possibilities which a given
test is to help sort out. This is the method of strong
inference, as it 1is called in science, and is much more
powerful than attempti: to prove or disprove a single
hypothesis at a time. Students adopting such a strategy are
apt to be significantly better troublezchanter: than those
who don't. This method 1is the reason that the Expert is
“able to iocnllze ozt fanlts in three or four tests.

The Expert also evidences a certain degree of planning
once a local strategy has been selected. For example, it 1is
desirable to check out the current 1limiter 1in the power
supply before applying a heavy load. Failure to do s¢ may
result in additional components failing before the primary
failure 1s diagnosed. Such considerations argue for extra
tests or for performing a given set of tests in a particular
order, other things being equal.

Detailed Description of the Interaction

The interaction is actually a trialog. 1In addition to
the student and the Expert, there is a third party called
the Demon. -The Demon program is responsible for 1inserting
faults to the student's -"specifications and verifying the
Sstudent's predictions.

The interaction proceeds as follows: The Expert first
explains how the lesson is to proceed -- the Expert is going
to try to isolate a faulted functional block selected by the
student. Since the student will know what is wrong with the
instrument (at a block level), he will be asked to predict
qualitatively the results of measurements which the Expert
wants to make.

Next, the Demon speaks, asking which block 1is to be
ffaulted. The student may select any of the seven functional
blocks in the IP-28. Depending on which block is selected,
the Demon may ask for more specific information about how to
fault the block. Except in the case of the output [filter
(OPF), which has only two components, the student will know
only the external behavior of the faulted block, not the
actual component fault. Thus, his predictions will be based
on a qualitative statement of how the faulted block behaves.
The Demon only selects faults which have clear qualitative
symptoms which the student should be able to propagate
through the instrument, making the predictions which the
Lzpert requests. After the student has made his selection,
the Demon restates the fault in terms of the qualitative
behavior at the faulted block.
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Next, the Expert attempts to 1locate the fault,
explaining his strategy as he goes. For each measurement he

wants, the student is queried as to the qualitative behavior'

of the instrument in the area in question. Depending on the

particular approach taken by the Expert, it may ask the-

student a question or two about what can be determined “rom
the measurements made up to that point, commenting on his
response.

If the student makes a wrong prediction, the Demon
takes over to demonstrate the actual behavior of the faulted
instrument. He does this by posing a SOPHIE 1lab question
which will resolve the issue. SOPHIE responds with an
actual measurement, and the Demon restates the measurement
qualitatively, in terms of the Expert's question.

If the student doesn't know the answer to ‘one of the
Expert's questions, he may ask for help. The Demon will ask
SOPHIE, as above, and summarize the answer. The student is
not penalized for asking for help.

When the Expert has decided what block contains the
fault, he announces this to the student, along with the
final bit of logic which led to the conclusion. The student
is +asked whether the conclusion is correct, and whether he
would like to isolate the actual component fault. If the
answer to this latter question is 'yes,' a summary of the
Expert's measurements (expressed as answers to SOPHIE 1lab
inquiries) 1is printed, and the student is put into a SOPHIE
lab environment with the faulted instrument and an
appropriate history 1list. He may take any measurements he
wishes, evaluate hypotheses, and so on, as in a normal lab
session. What follows is an annotated sample of the expert
lebugging interaction.
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SAMPLE EXPERT DEBUGGING INTERACTION

What is your name?

> DICK R
Welcome to SOPHIE - a simulated electronics
laboratory - which has on-call a tutor and an

expert debugger,

The choices are:

A Short prologue

B Long prologue

C SOPHIE 1lab

E Interact with expert debugging
F STOP

G

Two person debugging game
Menu choice: E

"EXPERT:

For this session, we will work at a function-block
level with- the 1P-28. I am going to try to
isolate the faulted block which you choose. Since
you will know what block is faulted, I will ask
you to predict the circuit's behavior. I hope to
find out which block contains the fault., If at
any time you are unable to answer one of my
questions, feel froe to type HELP and I will give
you some assistance,

From time to time, I may ask you a question about
my progress at finding the fault,

DEMON:

For this session, I need a fault specified by a
functional block. which block do you want to have
the fault? (DCS, CCS, DARL, VL, CL, OPF, or Vref)

DICKs: VOLTAGE LIMITER
‘

DEMON :
I will insert a fault which makes the VL always
conduct,

EXPERT: :

OK. Here we go. Before delving deeply into the
instrument I am going to make simple external
measurements. The simplest and most obvious
measurement to make at first 1is to check the
output voltage. However, I would also like to be
clear about how the instrument is set up.The
settines I will wuse iritially will be the
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Student selects
functional debugging.

Procedure for the game.

Student selectes a block.

Qualitative restatement
of how bloeck will behave.

The Expert always observes
external symptoms first,
in order to verify that
the instrument is mal-
functioning and to get
some inexpensive informa-
tion about the fault.
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DICK: 0K

EXPERT: .

So the DCS is not faulted. The remaining blocks
which are now suspect are the CCS, DA, CL, VL, and
OPF. I think I will check the CCS now since it is
at the heart of the regulating mechanism of the
supply and since it has the least interaction with
all the other blocks.

How does the OUTPUT CURRENT OF THE CONSTANT
CURRENT SOURCE compare with a working circuit?

DICK: OK

EXPERT:

The current source is working then. The modules
now left are the Cl., VL, OPF and DARL. I think I

will make my next measurement on .he Darlington
amplifier. i

I want ®o know whether the BASE CURRENT OF Q4 is

A simlar sort of test,
but with a more elaborate
interpretation. It can
verify that the block is
OK, but cannot alone
prove that it is bad.

Three of the seven
blocks have already been
eliminated.

This test will splis the

UK.

DICK: HELP

EXPERT: ‘
Let's use SOPHIE to find the answer:

>>IS THE BASE CURRENT OF Q4 0K
THE BASE CURRENT OF Q4 IS 0.0 AMPS.

WHICH SEEMS TO BE INCORRECT BECAUSE IN A WORKING
CIRCUIT IT IS .031 MILLIAMPS.

So you see that the BASE CURRENT OF QY4 is- LOW in
the faulted circuit.

Let's go on...

EXPERT:

Low input current to the Darlington amplifier
would certainly result in 1lower than normal
voltage at this output under moderate current
loads. I think then, the Darlington amplifier is

OK. since it. is following its input. Now, since
we have already seen that the CCS output current
is OK, perhaps either the current limiter or the
voltage 1limiter must be drawing excessive current
from the CCS.

95
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hypothesis space, elimi-
nating two blocks i:
either event.

Student dbesn'i know the
answer and requests
assistance.

What is shown is a real
SOPHIE lab interaction
which answers the Expert's
question.

Paraphrase of answer in
terms of the Expert's
original question.

A practical instantiation
of a theoretical relation-
ship called Kirchoff's
current law.
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Is Q6 conducting? ~ Only two possibilities
: remin. This test will
DICK: YES differentiate between
them.
DEMON:
SOPHIE tells me that your prediction isn't right: But the student has
predicted wrong.

>>WHAT IS THE COLLECTOR CURRENT OF Q6 The Demon steps in to

THE COLLECTOR CURRENT OF Q6 IS 0.0 AMPS, demonstrate that the
student. has erred, using

---------- the SOPHIE lab.

Thus I conclude that Q6 is not conduc.ing.

Let's go on...

EXPERT:

At the last measurement, I had arrived at tne Only one possibility
conclusion that either the CL or VL was drawing remains, and no confirm-
excessive current away from the CCS. As you can ting measurement is taken.

see from the present -measurement-the-CL—colleetor—Students—oftendotake—
current is zero. It is not the CL then which 1is final econfirming measure-
drawing the current, That leaves the VL as the ments. 4n example is

only module under suspicion. It has to be faulted shown in the gaming

with a short. You faulted the VL. transeript in Chapter 3.

Am I right?
DICK: YES
EXPERT:

I'm glad...

Would you like to isolate the actual component
fault?

DICK: YES Students may do this

: activity as a first
OK, here is a review of the measurements made so exposure to the SOPHIE
far: lab.

CC=1.0, CR=HIGH, LOAD=1000, VC=1.0, VR=HIGH,

THE OUTPUT - VOLTAGE IS -2,3 MILLIVOLTS. Review of the Expert's
THE OUTPUT VOLTAGE IS -2.3 MILLIVOLTS. measurements in terms of
THE VOLTAGE AT N1 IS 49.3 VOLTS. SOPHIE lab replies. These
THE OUTPUT CURRENT OF THE CONSTANT CURRENT SOURCE measurements constitute
IS -.6% MILLIAMPS. : the students history

THE BASE CURRENT OF Q4 IS 0.0 AMPS. list at this point.

THE COLLECTOR CURRENT OF Q6 IS 0.0 AMPS.

Go ahead and locate the faulty component:
06
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>>WHAT IS THE COLLECTOR CURRENT OF Q5°? Student checks for the
THE COLLECTOR CURRENT OF Q5 IS .62 MILLIAMPS. "most likely" possibility,
d finds the lt.
>>REPLACE Q5 and Ir fax
I AM GOING TO ASK YOU SOME QUESTIONS ABOUT HOW Q5

IS FAULTED.

IF AT ANY: TIME YOU WOULD LIKE TO MAKE MORE He is queried to insure
MEASUREMENTS, SIMPLY TYPE CONTROL-E. that he understands
ARE ANY JUNCTIONS SHORTED? the fault made, as in
> Y normal SOPHIE lab.
WHICH JUNCTIONS ARE SHORTED?

> ALL

THE COMPLETE FAULT MODE WAS THAT Q5 HAD ITS
EMITTER COLLECTOR JUNCTION SHORTED AND ITS BASE
OPEN
Q5 REPLACED. Q5 was indeed the fault,

Now you should take measurements to see if there
is anything else wrong with the circuit.
ACCUMULATED COST = 24

_€>>HHAI~ISHTHEMOU$pum“vobmgcgz*wm_mu~,UWHWMmm_ﬂme_ﬂJkLﬂ_mnzwc§4napua__;4.~“___
THE OUTPUT VOLTAGE IS 30.1 VOLTS. ~ voltage indicates.

>»STOP

Short prologue

Long prologue

SOPHIE 1lab

Interact with expert debugging
STOP

Two person debugging game

QTNEHOT >

Menu choice: INTERACT Another session with the
Ezpert,

EXPERT:

For this session, we will work at a function-block
level with the 1IP-28. I am going to try to
isolate the faulted block which you choose. Since
you will know, what block is faulted, I will ask
you to predict the circuit's behavior. I hope to
find out which block contains the fault. If at
any time you are wunable to answer one of my
questions, feel free to type HELP and I will give
you some assistance.

From time to time, I may ask you a question about Sometimes the Expert
my progress at finding the fault. . may ask a tutorial

question,
DEMON:

For this session, I need a fault specified by a
functional block. Which block do you want to have
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at

the favit? (DCS, CCS, DARL, VL, CL, OPF, or Vref)
DICK: VREF

Should the output of VREF be high, low, or zero?
DICK: HIGH

DEMON:

Good. I will 1insert a fault which makes the
output of Vref high.

EXPERT:

Back at the beginning... Remember I am making my
first measurement under standard settings. The
voltage and current controls are set for maximum
at the supply's highest ranges. The losd is 1000
ohms. A working instrument would operate in its
voltage limiting mode under these settings.

Here is how the instrument is set up...

Some blocks have a wide
enough range of symptoms
that the Demon allows the
student to choose among
them.

Expert presents an
alternate text, reminding
the student of the
expectations expressed at
the beginning of his
first run.

SETTINGS:

cC I I i o
CR HIGH

LOAD 1000

vC 1.0

VR HIGH

How does the OUTPUT VOLTAGE compare with a working
circuit?

DICK: HIGH

EXPERT:

Too high. Hmmm. That means that the output of
the Darlington Amplifier 1is too high for some
reason. The problem could be the amplifier
itself, or in something that affects its input.

What function blocks might éccount for the symptom
of output voltage too high with these settings?

DICK: DCS AND VREF

EXPERT: o

I don't really suspect the DC Source. Remember
that the output is too high, Even if the output
of the DCS were too high, the regulator would
correct for it if everything else were working.

As you have seen I dor't . uspect the DCS and CL.

My strategy now is to use the VC and CC in tests
to isolate the fault. I can find out more about

08
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A tutorial question which
attempts to get the
student to think of faults
which might give symptoms
the same as his does for
the measurement made so
far.

Expert comments on
student's suggestion that
DCS could also produce
these symptoms.




the CCS-DA region this way. If there is a fault - Strategy i8 to observe
in that region, neither the VC nor the CC will the instrument's behavior
have any effect,. under various manipulations

, of front-panel controls.
Here is how the instrument is set up...

SETTINGS: ‘ '
cC 1.0

CR HIGH

LOAD 1000

Ve 1.0

VR HIGH

Does the THE VOLTAGE CONTROL reduce the OUTPUT

VOLTAGE ?

DICK: YES

EXPERT:

That's nice! Since the VC is able to change the As it happens, the first
output voltage, we must conclude that the voltage such observation is
limiter is responding correctly by drawing enough sufficient to locate

current away from the base of the Darlington the fault. The Expert
circuit to reduce the voltage at the latter's explains why.
output. This _ means that the Darlington is

functioning, too, and that the CCS must be putting

out a constant current. Briefly, the voltage

regulating action of the supply seems to be

unimpaired, and so, I think that perhaps the

output voltage of the Vref is not OK. Your fault

is in the Vref, ‘ :

Am I right?
DICK: YES
EXPERT:

I'm glad...

Would you like to isolate the actual component -
fault? fe

DICK: YES Entering SOPHIE lab...

OK, here is a review of the measurements made so
far:

CC=1.0, CR=HIGH, LOAD=1000, VC=1.0, VR=HIGH,
THE OUTPUT VOLTAGE IS 34.4 VOLTS.

€CC=1.0, CR=HIGH, LOAD=1000, VC=0.0, VR=HIGH,
THE OUTPUT VOLTAGE IS 2.83 VOLTS.

CC=1.0, CR=HIGH, LOAD=1000, VC=1.0, VR=HIGH,
THE OUTPUT VCLTAGE IS 34.4 VOLTS.
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Go ahead and locate the faulty component:

>>WHAT IS THE VOLTAGE fCROSS C1? Student takes a "signal

THE VOLTAGE ACROSS C1 IS T7%'.3 VOLTS. : tracing" approach to -
finding the fault within

>>AND ACROSS D&? the faulted block.

THE VOLTAGE ACROSS D4 IS 56.0 VOLTS. . . .

>>AND D5
THE VOLTAGE ACROSS D5 IS 41.4 VOLTS. : C e

>>REPLACE D5

I AM GOING TO ASK YOU SOME QUESTIONS ABOUT HOW D5

IS FAULTED. SOPHIE requests more
detail about how the

IF AT ANY'r TIME YOU WOULD LIKE TO MAKE MORE student thinks the

MEASUREMENTS, SIMPLY TYPE CONTROL-E. component is faulted.

IS D5 OPEN OR SHORTED OR DOES IT HAVE THE WRONG :

BREAK-DOWN VOLTAGE?

>~ OPEN B
DS REPLACED.

Now you should take measurements to see if there
is anything else wrong with the circuit.
ACCUMULATED COST = 16

>>WHAT IS THE OUTPUT VOLTAGE? Student verifies that

THE OUTPUT VOLTAGE IS 30.1 VOLTS. instrument now works.
>>STOP
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Chapter 5

CUESTIONNAIRE AND TRANSCRIPT RESULTS

. The purpose of..this chapter is to provide a
comprehensive® summary of how students reacted to and
benefited from the SOPHIE environment. The students!
experiences were gathered during self-contained mini-courses
which involved students’ studying textual material,
interacting with the Expert Debugger program, performing
laboratory exercises and engaging in both team and solo
troubleshooting, as described in Chapter 1.

SOPHIE's learning environment ‘incorporates a ‘variety of
instructional activities and teaching systems, many of which
are novel to the teaching of electronics. We could have
investigated their total impact to determine, for example,
if the mini-course supported by the SOPHIE system was more
effective than a segment of some existing training program. .__
rfowever, this was not our purpose. Such comparative
investigations can only be meaningfully undertaken after one
has understood how to exploit the novel capabilities of
SOPHIE-like enviropments and how to tune these capabilities
to the interests and abilities of the student. The intent
of these experiments was to determine the viability of each
activity and to assess its :effectiveness relative to the

others. As such, we focussed most of our attention on
qualitatively assessing student reactions to gindividual
components of the learning matrix. We also paid close

attention te the kinds of questions students had while
enfaging in each activity and to the difficulties they had
in understanding particular aspects of the device under

study. + Eeing able to build a taxonomy of their questions
and misconceptions 1is of crucial - importance for tuning
intelligent, gpenerative systems. Unlike frame-oriented

systems which have the answers to a small set of "questions
explicitly stored, a generative system must be able to
ansWwer a wide variety of questions which depend on the
particular context. In large part, this capability can be
achieved by knowledge of what types of problems and
misconceptions are apt to arise. Communication is
drastically facilitated when the 1listener (SOPHIE) has a
good model of what the speaker (student) is thinking.

<
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QUESTIONNAIRE

In our initial set of experiments, three groups of
students participated. Two of these groups (eight people)
took the mini-course over four successive Saturdays, the
other group did it on four consecutive days. At the end of
the 12 hour training sessions, each participant filled out a
questionnaire probing his reactions to each of these
activities. Finally, we conducted an in-depth interview
with each group.

The first part of this chapter discusses the responses
taken from these questionnaires for each of the activities.*®
The single questionnaire which was used for each of these
activities is presented in Figure 1. :

.....

Individual Troubleshooting

Individual troubleshooting is perhaps the most
conventional wuse of the SOPHIE system. Typically, the
~_instructor inserts a fault in SOPHIE's .simulated IP-28 and
then the student isolates it by making measurements.** When
the student locates the component that he thinks is faulted,
he requests that it be replaced. At _that point, SOPHIE will
query him about how the component is faulted. If he 1is
risht, the component is replaced and he is asked to verify
that the instrument is now fixed.*¥**® If he is wrong, - SOPHIE
will automatically critique his "guess" by pointing out to
him which of his measuvrements support that "guess" and which
contradict it.

Individual troubleshooting activity occurred throughout
the mini-course, but it was used most heavily in conjunction
with the Expert Debugger and at the end of the course.
During this latter activity, we turned on the costing
function: each measurement was assigned a cost according to
how difficult it is to make in a real instrument.

Figure 2 graphically summarizes the results of the
first six items on the qua2stionnaire (Figure 1). Figure 2
presents all of the collected respcnses to the last item.
*pAlthough we made some minor changes and refinements to this
mini-course between successive ¢roups, we shall lump
together their responses.

##The student can also insert the fault himself by knowing
the fault number. In addition, he can have as much practice
as he wishes by asking SOPHIE to insert random faults of
some specified degree of difficulty (easy, hard, extremely
hard).

#%#%1f ne has replaced a secondary (propapgated) fault, the
component will be re-blown when he tests to see if the
instrument is working. '
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(1) how enjoyable did you find using this system?

1

B 3 4 5
very boring

boriqg interesting

exciting very exciting
(2) Was it usefu;

tn teaching you how to be a better troubleshooter?

3 4 5

useless very useful
(3) was it useful in teaching you deductive or logical thinking
about circuits?

1

useless

very useful

(4) Was it useful in helping you understand how the IP-28 power
supply works?

1 2

very useful

(3) was it valuable in teaching you basic electronics knowledge
that you can now apply to other circuits?

1 2 3 4

.

useless

very valuable
(6) How would you rate using this as an educational experience?
1 2

3 4 ]

very iow low

saverage high very high

(7) what is your overall impression of this activity?

FIGURE 1
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(1) How enjoyable did you find using this system?
(very boring (1) to very exciting (5))
(2) was it useful in teaching you how to be a better troubleshooter?
(useless (1) to very useful (5))
(3) was it useful in helping you deductive or logical thinking

about circuits?
(useless (1) to very useful (5))

Was it useful in helping you understand how the IP-28 power
supply works?
(useless (1) to very useful (5))

Was it valuable in teaching you basic electronics knowledge
that you can now apply to-other circuits?
{useless (1) to very valuable (5))

How would you rate using this as an educational experience?
(very low (1) to very high (5))

FIGURE 2
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QUESTION 7

What is your overail impression of the TROUBLESHOOTING WITH
SOPHIE activity?

1.

The main thing I learned is to discriminate .,between a
faulted component and a component that can’t function
properly because of a fault somevhere else. I think
this 1is ' difficult because of the various interactions

-between the components. However, to be able to do this

well is very desirable.

Excellent way of learning logical thinking which enables
you to seey your mistgkesg It was aggooé test on a

person s background knowledge.

Very gseful 3nd something that hogld be mixed in ,with
the xpert-Debugger as’ a preliminary exercise., (i.e.
(1) work with exBert, (2) work: with SQPHIE, (3) work
with expert, (4) work with SOPHIE.) I think that a
pattern similar to this would help the student retain
more of what he learned with the expert.

10.

11.

Excgllent - much more valuable than time consuming 1lab
work,

I think this was the best of SOPHIE’s menu choices. She
§uided you but at the same time, let you alone. I think
learned the most from this.

Ver{ good. It taught ou to think in the 1line of
action/reaction as SOPHIE would tell you whe:re {0u went
wrong if you tried to replace the wrong compoaent.

At certain times SOPHIE made me believe that I didn’t
know that much in electronics, but finally I did enjoy

I thought it was very useful and practical. This was
the best approach to learning the equipment. It had a
?iﬁh interest coefficient and its competitive nature
when ?laying with other groups in solving the same
problem) made it an exciting way to learn.

I found this to be  very valuable in learning
troubleshooting in what you can see on our own,
however if SOPRIE could tell you reasons or hints as to
if you are doing anything wrong in you reasoning, it
would increase its utility by far.

If you had an active power supply to take measurements
from and could relate to the computer for help it could
be easier troubleshooting, but was very good. -

This was good. It taught you a 1lot about how to
troubleshoot this circuit as far as how well this will
help you with other circuits, I'm not sure how helpful
it would be. :

FIGURE 3
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We were encouraged by the deeree to which  students
accepted this activity, since it was the least directed of
all the activities. From the various oral comments the
students made, the feature they found most beneficial was
being able to make any measurement quickly. Although they
realized that "real world troubleshooting" is different,
this rapid interaction encouraged them to explore. Students
often commented that they invariably wasted a lot of time in
their school labs because the right equipment was either not
handy or broken.

Cn the negative side, we felt SOPHIE's ability to
critique a student's troubleshooting path and to answer his
more gencral "why" questions was noticeably deficient.
-Although SOPHIE does perform hypothesis evaluation, this
form of critique was insufficient. First, it doesn't
satisfactorily explain why a hypothesis is incorrect; it can
only show which measurements are 1inconsistent with the
hypothesis. Unless a student can translate this information
into more causal terms, he has a difficult time extracting -

————and-—remembering—the-essence—of the-example-—Second,—SORPHIE—
delineates only the logical inconsistency of a hypotheses
and does not comment on the strategic reasonableness of the
actual sequence of measurements. Finally, a student only
receives feedback after he thinks he has located the fault.
To remedy these deficiencies we need a tutorial module which
has sufficient intelligence to know when and how to help the
student while he troubleshoots.

Team Troubleshooting

The team troubleshooting gamre was described in
Chapter U4, Note that although the rules for this game are
rather involved, most of the students quickly learned how to
play. The game's basic structure was obvious enough that
the fine points fell. easily into place.

Team troubleshooting took place during the last two
sessions. Figures U4 and 5 present the results of the
aquestionnaire for this activity.

Although the game provides a strong motivational
factor, we discovered some problems with it. First, the

game was much harder than we had. expected. Teams were
inserting faults whose behavior they simply couldn't
predict. Obsessed with pgiving the other team a really

devious fault, they often found that they couldn't even set...z,
up the instrument to reflect a symptom under their fault.
The result was an excessive waitine time for the opposing
(troubleshocting) team. - =k
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#1 #2 #3
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O

ERIC

Aruitoxt provided by Eic:

(1)

(2)

(3)

4)

(5)

(6)

How enjoyable did you find using this system?
(very boring (1) to very exciting (5))

Was it useful in teaching you how to be a better troubleshooteg?
(useless (1) to very useful (5)) - .

Was it useful in helping you deductive or logical thinking
about circuits?
(useless (1) to-very useful (S))

Was it useful in helping you understand how
supply works?
(useless (1)

the IP-28 power
to very useful (5))

Was it valuable in teaching you basic electronics knowledge
that you can now apply to other circuits?

(useless (1) to very valuable {(5))

How would you rate using this as
{(very low (1) to very high (5))"

an educational experience?

FIGURE 4
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TION 7

is your overall opinion of the TEAM TROUBLESHOOTING
activity?

This made learning troubleshooting much more interesting
since you have to insert a difficult fault and at the
same time predice the consequences.

This system was very good because it allowed you to find
a bad component an be under expense pressure at the
same time. The idea of teams is ver{ good because we
were able to discuss the faults of the circuit and also
see the reactions of the fault by watching the other
Leam troubleshootinﬁ the circuit. This game also showed
18 to answer the other team’s questions; this egave  us
*he opportunit{ to see if we really knew the fault well
:nough to troubleshoot it ourselves.

[ found this good for using other people’s ideas in
solving a problem when one person may be completely
saffled. (Two heads are better than one.) Gives you a
*hance to work with others by reasoning and then finally
1zreeing together.

'he team idea lets you pool information. But it also
illows for more "devious" faults to be inserted and
liscovered than if it was 1 against 1.

. found it to be useful in that gou and your teammates
rould have different ideas to be exposed to Sophie and
‘hrough reasoning with your artner mayoe one
leasurement can be made that would elp out you and your
\artner's reasoning at the same time. .

xcellent - The emphasis here was placed on logical
hinking about the circuit.

ery good educational approach to learning the
‘quipment .

'his was also pood but teams don’t always work well
ovether. It would be better if each team was 1 person.

FIGURE 5
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In rany ways it seemed that the side that inserted the
fault 1learned more from the game than the side performing
the troubleshocoting. This mipght seem counter-intuitive,
since the inserting team presumably chose a fault whose
ramifications they knew. However, because of the structure
of the game, their understaudirg of the fault was constantly
being tested. , As a result, the inserting team would often
discover shortcomings in their own knowledge. They would
discuss such problems betweun themselves, and often ask us
or other class members for hely after the game.

The Expert Dgggéggc

The Expert Debugger was the most directed activity in
the environment. Its purpose - was two-fold.  First it
attempted to teach troubleshooting and the workings of the
1p-28 by explicit examples coupled with explanations.
Second, ‘t provided an opportunity for the students to
exercise their causal wunderstanding of concepts such as
feedback by continually asking them to predict the
consequences of faults.

This was the first major activity following the use of
the instruction ©br klet. It was also the newest subsystem
of the environment: me bugs uncovered by the first group
had to be fixed btefore the second group used it. Activity
in the second three-hour sessions involved alterndtinege
between the Expert Debugger and solo troutleshooting. Fy
going back and forth between directed and undirected
troubleshooting, the student would begin to appreciate the
subtlety of whit Expert Debupger was saying and doing.
Also, when the student moved from the Expert to solo
troubleshooting, he would sometimes encounter a situation
similar tc one the Fxpert had explained and hence would have
a chance to test hi.. own understanding of = what the . Expert
said. Figures ‘¢ and 7 contain a summary of the results of
the questionnaire pertaining to this ac'ivity.

Althouyh these results indicate that the students found
this system very useful, we felt from listening to them as
they used it that the system could have been much more
effective. In particular, it appeared that much of what the

Lxpert "said'" was not being absorbed by the students. This
could be due to at least two factors. First, the Expert's
reasconing is presented in a relatively passive mode. Not

only can't the student ask for elaborations on things the
Fxpert says, but the Expert scldom comes back and aqueries
the student about what it has said. Second, the Expert is
totally non-adaptive. T7The explanations it produces do not
depend on the competence or history of the student. This
means that some students do not understand all of what the
Fxpert 1s tryiny to ret across and others find its speed and
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BXPBRT/DEMON BLOCK ‘LEVEL DEBUGGING
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(1) How enjoyable did you find using this system?
(very boring (1) to very exciting (5))

{2) was it useful in teaching you how to be a better troubleshooter?
{(useless (1) to very useful (5))

(3) Was it useful in helping you deductive or logical thinking
' about circuits?
(useless (1) to very useful (5))
(4) Wwas it useful in helping you understand how the IP-28 power
supply works?
(useless (1) to very useful (5))
(5) was it valuable in teaching you basic electronics knowledge
that you can now apply to other circuits?
(useless (1) to very valuable (5))

(6) How would you rate using this as an educational experience?
(very low (1) to very high (5))

FIGURF 6

63 " K™
70




QUESTION 7
What is your overall impression of the EXPERT-DEBUGGER BLOCK
LEVEL DEBUGGING activity? :

1.

9.

10.

It was Zood for helping me to evaluate my train of
thought and training. It was constantly testing my
understanding without the pre3sure or formality of a
written exam.

I thought it was very ecood because I did learn a lot and
the way it was presented was exceptional.

MK impression of this activity is ver; good because
that 's the first time I got the chance to put my
backrround in electronies into practice.

Using the expert gave another way of looking at the
problem in the circuit. .

I think all of the above questions eeress my opinion of
this course. I enjoyed it very much and found it most
interestine.

My overall impression was the Sophie was  useful;
particularly in the area of troubleshooting and
debugging but not so much in .eaching basic electronics.
For example, we were expected to all ready know basic
transistor theor{.

(Note: They cerltainly were!)

Very pood for finding seneralized faults in a circuit.

Having never troubleshooted before this gave me some
very helpful and Eractical experience. However, if the
Sophie reasonine (Expert) was slightly slower at first,
I cpuld have followed along ,easier, and therefore
learned (or whatever) the expert s reasoning process.

It rushed the student and left a lot of questions. If
the bugs were out of the system it would be a lot
better, also no sood on CRT. Explanations run off
screen before they are understood.

{Note: The first group of students helped us debug this
subsystem.)

The functional block approach is very good. It would be
better if a basic overview of the circuit’s operation
were explained beforehand.

I thoursht that it mieht have worked well if the system
hadn 't messed UY on when we asked it a question. Also
1t probably would have been more useful had we
underastood the IP=28 pcower supply better.

Intereating.

FIGURE 4
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logic a bit discouraging.# Nevertheless, as Figure 7 shows,
no one got too discouraged. (Figure 7 includes all of
the student responses.) -

Fault-Propagation

The final activity for which we  constructed a
questionnaire concerned 'fault propagation.” This activity
took the form of having the student search for a way of
faulting the circuit which would cause a specified component
to fail. That is, the student would have to insert a fault
(such as shorting some other component) that would cause the
specified camponent to be overloaded. The learning object
underlying this activity was to give a student explicit
experiences in predicting consequential faults. EBefore he
tlindly replaces a  burned out component, he should think
about possible reasons that the component might have failed.

Figures 8 and 9 present the results of the
questionnaire for this activity. As one can see, students'
reactions were considerably more mixed than for the other
activities. Comments five, eight, nine and ten probably
provide the clue to why it was less well liked ~- students
eéncountered this activity too early in the mini-course.
Since this task requires detailed understanding of the
purpose and interaction of the modules 1in the IP-28, a
Student with insufficient knowledge would have trouble. For
example, he might insert a fault that does nothing -or

conversely, that blows out many components. Encountering
either of these situations could be very educational, but
only if the student can make sense of what transpires. The
same kind of problem also arises, but less prominently, for
local propagations, that is, propagations within a
functional module. However, in this case most of our

Students had the prerequisite theory to understand what was
or was not happening when they 1inserted a fault, 1In
summary, we think this activity has a unique educational
rcle and belongs in the SOPHIE-type environment, but the
above-mentioned prerequisites must be met for students to
make maximal use of it.

*Part of this non-adaptability stems from the sought-after
simplicity of this system. More recently we have developed
a production rule technique for reconstructing this Expert
which will alleviate the alove two shortcomings while
preserving it, modestL use of computational resources, This
new system is belng developed, in part, under a tri-service
contract,
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FAULT PROPAGATION - BLOWING UP SELECTED COMPONENTS

Ml ' #2 #3
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(1) How enjoyable did you find using this system?
(very boring (1) to very exciting (5))

) (2) Wwas it useful in teaching you how to be a better troublesh.nt®
(useless (1) to very useful (5))

(3) Wwas it useful in helping you deductive or logical thinking
about circuits? ...
(useless (1) to very useful (5))

(4) Was it useful in helping you understand how the IP-7” power
supply works? ’
(useless (1) to very useful (5))

(5) was it valn-ble in teaching you basic electronics indwledge
that you -1 now apply to other circuits?
{useless (1) to very valuable (5))

(6) How would you rate using this as an educational experience?
-{very lo* (1) to very higlr (5))
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QUESTION 7
What is ﬁour overall impression of the FAULT PROPAGATION -

BLOWING

1.

10.

P SELECTED COMPONENTS activity?

Excellent for deductive thinking, trying to see ahead of
g%me tgat a particular fault will cause a particular
ow out. ‘

Good in respect that you don’t “very often get the
opportunity to destroy components and see the reaction
of the other components.

If a component in an existing circuit is blown it might
not have been that comfonent that was bad. Something
could have caused it to blow. This exercise helped to
see what could cause a component to blow.

. %ometimes its harder to insert a {ault for a purpose
1

blowing up a particular component than one may think.
This activity would have been more helpful toward the
end of the sessions. The debugging helped familiarize
us with the circuit as well as economizing our
measurements, but blowing up selected components when we
didf(fnd week) was somewhat early in the game to be most
useful.

T hal thought it to be excellent because we could notice
“he «ffects >n the circuit more closely when a component
1s destroyed in the circuit and what its effects would

be on the rest of the circuit.

Once again, my overall impression of this activity 1i-
very pleasant. I do enjoy it.

My overall impression was one of frustration. When you
don 't want something to blow, every.hing blows and vice
versa.

. This activity was frustrating since our basic knowledge

of the circult was lacking.

This is a backwards approach. Too much time is snent
gueszin what the results would be with the rfaule
1ns€§i1ed and if this current was enourh to blow Lne
component you were attacking.

FIGURE 9
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In order to discover the overall impressions that
students had wusing the entire SOPHIE learning environment,
we created a separate questionnaire. We asked them how
useful the total experience was, how they con*rasted it with
their normal courses and labs, and what overal: suggestions
they had on how to improve the course. After rtney completed
this ftiruil questionnaire,we also conducted a group interview
in which we had a chance to probe more deeply some of their
reactions.

Toward providing an overview of their general reactions
to the mini-course, we will present and discuss a summary of
all the students' responses to questions, a complete record
of all the written comments from the finial questionnaire, and
and an annotated transcript of one of our group .interviews.
Although we were at first inclined to extract relevant
sections of this transcript, we decided to _include the
whole, annotated, in such a way that readers could skim
through it and find comments on 1issues that might be of
particular interest.

-
Figure 10 presents a summary of the previously
mentioned questionnaires ‘which asked the same set of
questions of each of the activities. These graphs were

obtained by combining responses to each question over all
the activities, thus providing some insight into reactions
to the total environment. There were ‘wo. interesting
results that emerged from this summary. Although our
interest was in teaching generalizable skills, this
mini-course involved only one circuit. We were, therefore,
skeptical about how far we could get toward teaching general
skills. None'heless, the responses to question I and to

The response to question ? indicates that the students
believed that they were learning logisal skills applicable
to more than one circuit. This fact wast further reinforced
in the pgrcup interviews. In fact, someone in the first
sroup (interview) stated that he thought he had 1learned a
Feneral purpose problem solvineg strategy which pertained to
more than just electronies. . On further questioning it
turned out that what he had learned was the powerful problem
solving strategy of top-down decomposition of a problem into
rore manageable sub-problems. He said he learned this from
the Wiy the Expert Lebugger viewed the task of
troubloshooting.

. Th~ responses to questions U4 and &5 give further

inti~at  n that more reneral =skills were learned. After
cuch enncentration on one instrurent, we were surprised by
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[ D] LM
20 20}
18 F- 18 F&(—
16 r 16
14 14
12 12
10 ] 10
”8 8

6 6

4 4

2 2

123 45 123 45

LX) #5

20 20

18] 1e ]
16 16

14 14 -
12 12

lo 1o

8 8

6 6

4 4

2 2

123 45 123 4,5

How enjoyable did ycu find this system?
(very boring (1) to very exciting (5))

Was it useful in teaching you how to be
(useless (1) to very useful (5))

Was it useful in teaching you deductive
circuits?
(useless (1) to very useful (5))

Was it useful in helping you understand
works?
(useless (1) to very uﬁeful (5))
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a better troubleshooter?

or logical thinking about

how the IP-28 power supply

Was it valGable in teaching you basic electronics knowledge that

'~ ¥O0u can now apply to other circuits?

(useless (1) to very valuable (5))

How would you rate this as an educational experience?

(very low (1) to very high (5))

PLOGURE 1D
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how high =students rated the degree of general skills
relative to the specific skills of how to work on the IP-28.

We are still very cautious in concluding very much from
this data since, of course, the above pertains to what
students thought they learned as opposed to what they may
have actually learned -- socmething which is much more
difficult to realistically assess.*¥

The next question explicitly covered the total 12 hour
mini-course. The first six questions (see Figure 11) were
set up in pairs comparing activities in the SOPHIE
environment with corresponding activities in the students'
school. Using school activities as a reference point
provides a high standard for comparison. Nearly all these
students had chosen their school over a much cheaper 1local
state school because of its reputation for small classes and
excellent training.

Of particular interest to us was the comparison of
responses to questions 7 and which seems to give
additional support to our helief that the troubleshooting
scenario might be an effective medium to learn a certain
kind of qualitative electronic treory.

The last tlve number-1ine questions are summarized
in Figure 12. Several of these are worth mentioning.
Question 7, concerning what proportion of a troubleshooting
course should be based on S0FIMIK-like environment, generated
a surprisingly wuniform (and in our~““opinion, too high)
response. We feel that actual laboratory experience is
crucial, as we have argued above, although a lot of factual
instruction time might be converted over to more of these
semi-laboratory situations. ’

The response to question: 12 and 13 was also noteworthy.
The relatively high slope on 12 .indicated a favorable
reaction to the natural language front end processor,
although -'several students kept expecting it to handle
everything once they found out it could handle something.
*We make no pretense about the objectivity or quantitative
nature of these survey results. We hasten to point out that
measuring these more yrenril skills in an unblased fashion
is extremely difficult. In particular, we believe that
because this environment stresses learning through personal
actions and experiences, the skills th/., acquire will be
remembered for a long period of time and will be more
broadly appiteable Yhan those feqnrned through more passive or
factual modes of instruction. We would hope that any
objective tests would develop techniques to measure the
longevity as well as the generality of these skills.
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(1)

(2)

(3)

(4)

(5)

(6)

’

How effective were these four sessions as a laboratpry experience
(useless (1) to very valuable (5)}

On the same scale, how do you rate your ‘laboratory coq&geé?
(useless (1) to very valuable (5)) h

How effective were these four sessions as an electronic theory
learning experience? In particular did you find that theoretical
ideas became clearer to you by using this system?

{learned no theory (1) to a great many jideas became clearer (5))

On the same scale, how would you rate the average 12 hours of
theory courses that you have had in school?
(learned no theory (1) to a great many ideas became clearer (5))

Was the experience enjoyable and eagaging?
(boring (I) to very exciting (5))

On the same scale, how enjoyable and engaging are your classes
in school?
{boring (1) to very exciting (5))



OVERALL RESULTS (CONT.)
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(7) In a complete troubleshooting course sequence, what proportion
of our type of computer-based experience would be best?
(all reqular labs (1) to all computer labs (5))

(l2) How "friendly" did you find our system?
(very hostile & intimidating (1) to very friendly & nonthreateni

(5))

(l3) How clear did you find the instruction booklet?
{(very hard to understand (l) to very clearly written (5))

(14) Did you find the questigns in the instruction booklet helped
you concentrate on the factual material in the booklet?
(useless and bothersome (1) to very useful (5))

(15) Did'You find the various activities with the compuier system
a major help in furthering your understanding of the factual
material in the booklet?

(no help at all (1) to extremely helpful (5))

*l ostudeant did not answer

*A5 ancwers not applicable 79
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similarly, their responses to question 1% indicate that our
desipn and  implementation of the instruction booklet was
successful. This is of interest for two reasons: We think
the technique we were using to explain certain concepts (as
discussed in Chapter 2) is of pgeneral use, and we wanted to
be sure we were not just constructing a "straw man" apgainst
which some people might want to compare the computer-based
environment. We had no intention of making any comparisons
at all, but 1instead simply wanted to exploit the best

features of programmed instruction.

The last part of +this questionnaire consisted of
several of the questins whileh roqalred writton responses. Fipures
13, 14, and 15 present all the collected responses to these
questions. The responses to the question concerning "how
your view of troubleshooting has changed as a result of the
mini-coufse" indicates some explicit skills these students
learnéd. The responses to the question concerning which
activity they liked the best (and why) provides some insight
into some of the sociological factors underlying this
environment. (See Figure 14.) The last figure illustrates
some of the weakness that still exists in our system.

”n
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QUESTION 38

How has your view of troubleshooting changed as a result of

this experiment (i.e. the whole 12 hour instructional
sequence}? . ‘

1. A more logical approach and an understanding of
interactions. In school lab I had a tendency to replace
every component in sight until the problem disappeared.
Classroom schooling time is invaluable and most
important. But SOPHIF allows you to use the theory and
see how it works - put the ideas into use.

2. The computer has one major advantage over  practical
troubleshooting, that 1s, that 3SOPHIE eliminates any
problems of measuring components values that might occur
under normal conditions. This lets one concentrate on
actual troubleshooting and solving the problems rather
than worrying about having the propoe on the right spot.
Confidence and uncomplicated experience (measuring) can
build a strone troubleshooting fcundation. '

3. This course has helped me understand the action/reaction
part of troubleshooting better because I got a chance to
see things in~a circuit I was never able to see before.

4. My troubleshooting theory has been better defined.

5. I think it has broadened my view of troubleshooting and
feel that this experiment has been extremely useful and
find troubleshooting not as difficult by knowing more of
what to look for.

A. 1 didn’t have muchk :roubleshooting experience before, so
I was pretty w~h ready for anything. SOPHIE
demonstrated troublesaooting in pretty much the way 1
would ?ave imagined it (except for using the computer of
course).

7. Not as hard as I thought.

8. Met much, I've done a lot of 1t and my m:thods worked
well with your system.

9. I have realized that  there is  much more  to
troubleshooting than previously expected, 1i.e. much
more logic 1S needed.

10. It has changed my view in that the problem always 1isn t
what ou first. expect but that some other part ot the
circuit could be resultine from something else 1in the
circuit.

11. That the first time 1 had one.

FIGURE 13
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N g
°f the various activities did you enjoy most and whu?

dubleshooting since you relied on yourself to solve
2 problem.

am troubleshooting - because of the game aspect
mpetition) and because I had help - with people you

1 test out. You reason with each other before making
nove.

im troubleshooting game - It gave us a chance to stum
neone else instead of the machine stumfing us. I
30 gave us a better understanding of he circuit

;ause we had to feed the machine with the correct
iwers.

oubleshooting .with Sophie - gets you to think

rically, not haphazardly and at the same time lets you
} your errors. i '
ert-Debugger was the most interesting because if you
le a wrong guess it would use detective reasoning to
id out why your answer was incorrect and find the
11t you selected.

ubleshooting with Soghie (in_which she corrects you
' you are wrong) because I thought it was the most
ful to me, education-wise.

mbleshooting with Sophie because I oould follow my
t logic, and learn at my own pace.

ubleshooting with Sophie because I learned much
ter from it.

ubleshooting with Sophie because I thought it was
Y useful and practical. This was the best approach

earning the ‘equipment. It had a high interest
fficient and its competitive nature (when playing

h other groups in solving the same problem) made it
exciting way to learn.

m troubleshootin% because more ideas were being
ught to our attention about the circuit.

ubleshooting with Sophie was more enjoyable since it
ked the pressure of competition.

ubleshooting with Sophie - personal challenge with
r errors pointed out and explained.

1
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QUESTION 10

What are your overall teelings about this system and what
sugpestions do you have for making our system a better
teachine device?

1. I feel that the system was very good. The only
difficulty may be with the expert; he may move a little
too fast for some people. I found it a little tuo hard
to keep ups While I was reading his thoughts he was

S starting new measurements but his logic was good.

2. Geod. It°'s very helpful to be able to answer an

question about the circuit by settinﬁ up the circui
immediately and using it. What 1f this happens? Well
can LPY it and see. Without the real time problems of
physically setting up the circuit and arranging or
replacing components. I 1like the short time interval
between question and the answer.

3. Less time with Expert-Debueger and more time
troubleshooting.

4. I enjoyed the whole experience very much and I think a
course (at say Wentworth) would be great (based on this
system). Its format might be the 1IP-28 for about a
month and somethine more complicated thereafter (still
with Sophie). Of course, that would mean a lot more
work for you guys because you d have to come ue with a
new additional program; but you enjoy your work!

5. In a couple of places Sonhie made me unsure of answers
that I had gliven because So?hle .0ld me my 2nswer was
wrong then eave me the answer gave to the computer.

h. Good.

7. Increase its vocabulary. Not tad at all.

8. This system has been deeply usefu tc me. I don’t have
any suggestions. |

9. Very rood.

10. Excellent, however some parts of the system need
cleaning up.

11. Excellent. More time on functicnal blocks.
12. I think it’s basically a good 1dea, but lots of room for
improvement. The languase needs improvement. too

If
much time is spent on the terminal it rets hoqin%. I
don’t know how to help this but it would be a problem.

FIGURE 15
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GROUP B FINAL DISCUSSION

EXPERIMENTER: Did you find that vou had learned
some factual knowledge about how zeners worked or
how to [inaudible) and this helped vou understand
it better. Or somehow make more concrete this
factual knowledge.

STUDENT: Practical knowledge more so. like a zener
breaking down early {is something vyou wouldn't
necessarily think of if you were just studying
circuit theory, but when you're troubleshooting.
you know, if you just had the circuit theory
background to go on, when you were troubleshooting
you could look right over that and not ever think
that it might break down early. There‘s a lot of
practical knowledge that I did get out of this
that I didn't get out of school itself. I may
have picked it up after several months of
troubleshooting on my own. but it was an easy way
to troubleshoot without having to worry about
taking the thing apart and inserting the probe at
the right spot. If you can get rid of all those
hassles it was excellent. And that's exactly what
it did, it gave you an ideal atmosphere for
troubleshooting. Just like. I'd like to know the
current through there and it tells you the current
through there., I'd like to know the voltage here.
it tells you the voltage there. When you
troubleshoot you can think these. but you can't
always do them because they like to jam all the
components together. and you might short out
something just trying to stick a probe in it.

E: Do you think it helped you remember theory
information better?

S: Yes, it helped me recall some. I think |if
before the first Saturday I came here. if you
asked me what the V of a transistor was I don't
think I could have told you. It's around .6. but
I wouldn't have thought of it. It would have come
to me after working with the stuff. it brings a
lot tack, yea. I think it does.

E: Okay. so the relevance of that sort of
information bhecomes clearer.

S: Yes. considerably. Like in the laboratory, if
we have any problems. we j 't turn around and look
in our book, but not using uny books here. just
using the schematic sor: of requires you to use
your memory that you just 'aver have used. It's
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Some practical electronics
facte do not come up in
theory courses - such gs
how components fail.

Computer-based lab provides
concentrated experience.

Theory information becomes
clearer.



there but vcu just naven't bothered to look, or
use your own memory because we've been iooking in
and out of notes and books or whatever.

E: So nobody ever told vyou that the V of a
transistor was something that vou really needed to
know to debug things.

3: We never learned from a debugging point of
view. We just learned from a designing point of
view. So this was a new experience, different
experience. It was very helpful too.

E: What sort of things did you learn about
debugging? Where were you before? Where are you
now? .

S: I was nowhere before, I didn't know anything
about debugging Dbefore. Now I have an idea of
where to start. 1like I suppose I could have
figured that much out beforehand. You're going to
start with measuring the output voltage or

whatever, It it's a TV you're going to find out
if the picture comes in. or the simplest first
measurement. But. then where to go to. what one

measurement tells you, why it eliminates this or
why it leaves that still suspect. I knew nothing
about troubleshooting before.

S: You have to have a certain amount of working
knowledge in the circuits but I think there was a
lot of practical experience in it that you just
couldn't have got unless you went out and did it
yourself and you would have had a lot of hassles
trying -to do it on your own. It would have taken
you longer to zet the same amount of experience.

S: Well, it would be easier to learn on a computer
than having an engineer tell you. We were
actually working with it ourselves.

E: That seemed to make a big difference to you,
actually working with it yourself.

S: Yes. a lot of difference.

E: So you found the booklet was fairly clear for
you right, but somehow you were still just reading
it.

S: Yes. as reference material,

Theory courses may not
point out what is most use-
ful for troubleshooting.

Students developed a more
systematic approach to
debugging.

Lab experience is essential
to learming troubleshooting.
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E: Yes. but when ynu actually came to trying to
use the stuff, it became much c¢learer what
everything was about.

S: I tnink the combination of workine with the
expert and then working on your own helped you to
start a thinking process necessary to debug it in
an economical manner. When I first started out I
really didn't know where to start because I wasn't
that much aware of how the circuits interacted.
After watching the expert do some of it and
getting to follow his train of thought. I would
pick up well. he went from here and then just work
backwards to this point just checking in and out
and in and out and then sort or went into detail
when he found a general area that he thought was
wrong. Whereas otherwise ! might check in detail
something all the way completely through and find
out there's nothing really wrong with it at all.
This is something you pick up: experience.’ When
you're doing it on the computer it's a lot faster
than 1if you try to do it on your own. I “hink if
I was actually debugging the circuit -- the IP-2§
for the first time. and went into great detail on
it. I might have spent 4 or 5 hours just goinsg
through different components. Now I couid
probably do it in a half hour. maybe, if it was a
serious problem.

E: How do you feel about attackine a circuit that
you're not familiar with now? Do you think this
has been ‘heipful in developing a meneral strategy
that will make that go better?

St Oh, yes-

S: Yes, I think so. I think the first thing+ I'd .

do if I was going to attack something compiletely
different is try to break it into blocks like this
one is. It has Darlington Amplifier. current
source and all that. 1I'd try to do something like
that .with -it rather than looking at one big
schematic with 8.000 components. That would be
the first thing I'd try to do.

.S: Kind of like trying to drive around Boston when
you don't know where you're going.

E: What about you? How did vou feel about learning

more general stuff to be able to approach other
circuits besides just the IP-28? .
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Combination of ¥rmert and
SOPHIE lab develops a sense
of economy and method.

Student thinks he could fis~
a hard fault in the IP-26
etght or ten times faster
now than when he started.
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.
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S: [ agree with John. it gives us .  little bit
better outlook on what to look for.

E: I'm kind of curious: something came up in past
groups we never thought of. Some kids mentioned
the fact that they thought that they were actually
learning some lorical thinking skills. apart fron
the electronics, Jjust a kind of more precise
common sense reasoning, things like this. How do
you guys respond to that?

S: I'd say some logical thinking process. I think
that comes with just working on your own [SOPHIE
lab] and working with the debugger. you were
actually thinking in a logical manner. You know
that because you have zero output and the current
amplifier 1is working fine then therefore you know
that the current amplifier is okay. It just sort
of goes unsaid to something you don't even think
about bheing logical., it's just a natural step.

more aiong nis lexpert's] lines. which is the most
logical thinking because it went directly to the
prchl=m.

: If we'd been able %o spend more time on one of

tihese things like the expert or troubleshooting by

yourself or the hyp~thesis evaluator. etc.. how
woulid you suggest we allocate our time in the
future? Do you think we should spend more time
on one tning we did not stress this time?

S: The cne I like the most is the one where SOPHIE
would® just put in a fault, and you would try to
detect what the fault was and if you made a
mistake. ( suess it was the demon that would come
ir.. And tell vou, 'no that's not logical', I
den't remerber whicnh menu choice.

S: fna. w25 'Interact with the Expert', wasn't it?
S: Inat'. the one I liked the most.

Workineg wit: the expert and then working with a
hypothesis . ries seemed to be... if equally
spaced them out then it would be better.

E: I cuess we didn't tell vou guys anything about
the hypnothesis evaluator until today. How did you
find that? '

S: I thouwx t it was good because it saved points,
"Everyone laushs.] 1 thought it was kind of a
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thinking?

Perhaps. ..
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of logical thinking.
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Did you like the hypothesis
evaluator?



crutch too because it's like if you were in 1lab
and every time vyou asked a question you turned
around and asked the teacher, well could this be
wrong, could that be wrong? He could say 'yes',
and give you an explanation for this, 'yes', give
you an explanation for that. Maybe you shculd
limit the amount of questions you could ask about
a certain component, I think if you use that a
lot in the beginning, you might tend to rely on it
more than your own. ‘

E: Except that you see this a teaching situation.
We could 1imagine some realistic situations where
you talked to other peocple.

P ..Well I ~ould se=2 that but maybe you should
pbut in a handicap. Start out letting the person
ask it any amount of times ifter say three or four
sessions only every other time or something. Some
kind of a handicap. because that way the person
tends to wusc his own head. If the person finds
out that he's uvsing more and more time. usinr more
of a cost...

E: To turn it around . u think that by doing a
hypothesis evaluation you, get a lot of
informat.on,.

E: You get a 1u* of information. yes, but I would
have rather gotten trhat out of my head.

S: But. that seems a little bit strange Dbecause
you've got a lot of information because the idea
you had in your head had certain problems with it.

S: Okay, but if I ever wanted to ask the same
,question again, I could just go back and ask the
same question, whereas I should have remembered it
- from the first time I asked it.

S: "r remembered it enough so you wouldn't have to
a8y tt again. ! ! :

E. Do you think you learned a 1lot from ,looking
-—carefully at. what -the hypothesis evaluator was
telling you?

S: VYea, 1 suppose. But I did find myself going
back and checking over what I had asked before.

_E: What about you?
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Perhaps it gave too much
away. ..
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Students are reluctant,
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- it's not just a review.
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teach anything? _

Yes, but...



S L otiin't find myselt asking the same aquestions

tas rany times, but I tound myself asking a lot of - thi to do wh X
stupii questions. 1 even knew they were stupid womething to when gtuck.
wner I Was asking tnem bHut [ was just frustrated

and [ «knew it wasn't gning to cost me anv points
so [ asked tnem anyway. When it tells you that it
will come hacxk and =say it does not agree with this
fault =and it will sive you some reasons. Well.
snmerimes you 2an pi~k up a choice little sentence

out. ot tnose reasons that will lead you to what it

reallv ic, so I was Just askine anything and
‘evervthiny without rettine charged points because
[ had no idea what was wrone. I just couldn't

tind it, that was on tne 1'2 fault,

E: And you?

e

5 rretty much the same.

r.: S0 vou don't nhave anythine in particular vyou
think we snhould stress but maybe we should spend
more time switchine back and forth between the
expert and then lettine you debug the circuit
vyourself, with the nyp-thesis evaluator active.

S: Blowine up the rircaits I thoueht or causing
them to blow up came a little early in the wame as
rar as [ was concerred because [ figured that the
reason why you wWwanted us to do that was so that we
could tollow back arnd cee now doine something to
one n~omponent would ef0 back and cause a fault
nere. cause a fault there and tollow it alone the
line. [ didn't have that much of a working
knowledre of tne circuit wh:-1 we were doing that
and so I didn't get as much out of it. Maybe if

Liked exercise in which
student tried to cause spe-
cifie propagated faults.

we'd waited a week or so later. I would have been !

able to follow it a lot easier, like today. The

idea is that you predict if you want a certain Would have been better later
i thing” to blcw up you predict by doine. you know, in course.

you think ¢hat this is going to do it because of
that. but if you don't know how it works you can't
really do it.

E: And doine it early didn't really help vyou
understand how the circuit worked.

e - S: No, just..like. well I'll try shortine that out
and see what it does.

S: Somethineg's got to egive!

S: Yea. riegnt., you know it's going to do something
you just don't know exactly what.
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_following him. After . we ~came back the second
“time. I think I gota lot more out of it.

IR T T Y

S: If you get the right component, you're lucky.

E: Specifically. was it useful for you to go from
the functional stuff into debugging and then back
into the functional stuff. Remember you did the
stuff with the expert and then you did some
debugging then we put you back on the expert,

S: Yea. _—

E: What did you get out of that, that you wouldn't
have gotten if we hadn't gone back.

S: I was able to stcp and think of what the guy
was actually talking about cause if you listen to
the expert constantly, you might tend to just
block out what he was say.ng, because the computer
has a certain amount of repetition in its
Statements and ynu tend to just skip over it and
you might skip over a valid point in between that
and another statement.

E: Were you more prepared to accept and listen to
what the expert is saying because you've
experienced some of the troubles yourself in
troubleshcoting it?

S: Right.
E: You guys feel that way too?
S: Yes

S: I thought you learned a lot more when you came
back to the Expert: you understand why he was
doing it. The first time we went through with the
expert he was just amazing he just did everything
so flawlessly. ! I now suspect this and that's .out
because I did this. If he had the total cost on
it, he probably could come up with a 5 on the most
complicated error in the thing. After we went on
it and we were trying to debug something ourselves
and you try to think of what he did. you know., and
you aren't necessarily following the proper 1logic
you're just doing what he did. Just blindly

S: We had a little more knowledge on the working
circuit,
-y

E: Do you think if we'd actually had you go back

.to read the lesson text maybe the second or third
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day in the program that it would have helped you
too?

5: We nad a chance to skim over it agéin the
second week.

S: But [ don't know about anyone else, but as far
as I was concerned with that circuit and booklet,
I tend to read things and not always get
everythineg out of what it's saying. So, if
someone had sat down after we read over it,
alright, and somebody said this is this ard this
this and this is this then they interact in this
way. then I might have followed it a lot faster
ind quicker than.just reading i myself. Cause it

3 completely a new circuit to me, I had a

»+neral idea of how it worked but I didn't have a
total ideal of all the interactions that went on.

S: I thought the booklet was pretty helpful but
being in .an electronics school. cause you could
help more -in understanding a circuit. For
somebody that was just starting out it would be
different waterial and you would learn a lot more
out of it.

£: Anybody that's been throueh the milifary
already?

5: My father's in the military.

E: But I mean none of you have been™ through the
military training R

S: Not through electronics training. no.

©: Ukay. When we first announced this experiment,
[ guess 'some kid read the announcement in your
classes. you probably came because you heard we
were going to pay you some money. Were you
surprised by what you got out of it? Did it turn
out to be more enjoyable than you expected or
worse than you expected or... )

5: No., it d4id turn out a lot different. -

S: I didn't know what it was going to be .and I
thourht maybe you wanted us to do some work. and I
mean actual work. I mean that's wusually what
you're paid for. is doinz some work. Getting in
here. it was kind of strangce that we were just
sittine nere : talkineg about these computers sort
of. :
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S: Yea it was fun.

S: It was fun

E: You found it as much fun as lab course?
S: Well a lot more than a lot of them.

S: When you take. like in our lab courses. we can
get hung up on circuit cons.ruction, and someone
might have stuck a capacitor in backwards and it's
not working. You can do all sorts of tests that
something's wrong and then you find out you scope
is uncalibrated or somethine like that.

S: Plus making a lot of bad components, they buy a
large quantity and they get them cheap from
Teledyne and stuff 1like that. and they don't
always work right. They assume that it always
works right but it doesn't always. You might
spend 4 hours in a lab just finding out that you
had something stuck in_ backwards or something. Or
that the component was bad and that tends to
frustrate you. Whereas in here you don't have to
worry about that because it sort of goes unsaid
that everything is going to work okay. as long as
the program works everything else will work okay.

E: So you think that this was a more compact.

learning experience. when you compare this with...
S: Streamlined would be a better way...

E: So. relative to three or four 1lab experiences
you found out you might have learned a lot more
here?

S: [All respond yes]

S: Compared to three or four lab experiences and
one for lab, yea I think so. ' .

S: I think if they gave us the same power supply
in school and asked us to troubleshoot it we
wouldn't have got half as much out of it nor would

‘we-—have - been able to make heads or tails of it

very quickly,

S: We'd probably spent the first hour and a half

.of the thing just trying to take the case off of

it or ¢ mething or they'd find the nuts would ¢te

.rusted up to no one c¢.ld find a screw driver,
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little things.
51 Monotonous things.

E: Did you talk to people in the other sessiong?

E: How would you see this sort of thning fitting
into a curricutum?

S: I think it would be good. [t would be a nice
thing to be able to set up at school. so that say.
have it once a week or something if you go in or
maybe even at your leisure. Or, you could have it
for credit. It would be a nice thing to set up on
your own sc¢  you could practice debugging but it
also would be eood if you could- set up an =zctual

program where it went progressively. Increasing
and make things harder and used different
circuits, whatever. It'd be a good thing for

credit also,.

S: I wrote in the evaluation that it should
proeress to 'something harder. 1'd like to go on
and if you were continuing with this I'd like, not
that I could master this program now that I could
find any fault in a matter of seconds or anything
like that. but 1'd 1like to go on to something
harder. The way you had it all set up into
‘functional blocks for us. You analyzed each
block. how they interact., what causes this .and
that. I'd like to go onto, instead of another
power supply. something more complicated. I don't
know exactly what. Woula you consider a radio
more complicated?

-S: Maybe a TV or an amplifier

S: I don't really know, I don't know what the
equipment would be, but something more
complicated. I liked it a lot., I liked the format
of it.

E: A radio in some sense is actually easier.

S: Yes in some ‘sense.

S: Probably a lot of them. When I first wrote it
down I don't know if I wrote it in the program or
not., I was thinking along the 1lines c¢f test

equipment and lab equipment that we used in the
lab because we have a power supply in our bench.
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And we were working with a bower subply here. The
thing that came into my mind. but it might be too
complicated is something like a oscilloscope.

E: See one of the troubles with a radio or a TV is
that they're awfully similar one to another; it
doesn't matter what brand it is. There's sort of
a standarc <«ix transistor radio and there's a
standard vacuum tube TV. So there's a set of
things +ou dc., if you've ever fixed a few TV's you
have some stuck things that you know about.

S: And a schematic will get you through.

E: ... It' not just that but if it ©polls
incessantly., or there's no picture or there's no
sound and there 1is a picture there are these
charts and if you've done a little bit of that.

S: You check it out and you go to that place and
all this.

E: Yes. and because that's sort of in the common
domain.,. a set of rules like that might make it
very hard to find out what motivates the rule.

S: Yes., but you 1like to understand the logic
behind them not just 1looking down a chart, you
know, if this is wrong go to this section and do
that. You 1like to ugderstand why. That's why I
liked that expert comihg in and explaining what he
was doing. You know. what you have done is wrong,
and I'll tell you why, it would conflict with this
measurement or it would screw up this tran.istor,
or something like that.

S: I know one thing, if I had done it on a day to
day basis. 1like say during the vacation week we
had, I would have picked it up a 1lot faster,
because having a week in between also has a week
of prohlems in between. You tend to forget about
this until the dayv you walk in here. you don't
even think about it. It's just something. vyou're
still worried about the lab before. So if it were
a day to day basis, I woul: probably pick it up.
and if it was straight 8 hours. I know that's kind
of impractical, but if it were 8 hours of it 1I'd
really pick it up fast.

E: You don't think you'd get saturated wiﬁh it and
want to...
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S: Ah. there'd probably be a point where you would
Zet saturated but I think a longer session than 3
hours if I could have kept on maybe 6 hours,
without being saturated.

S: Probably tell SOPHIE a few choice words after a
while.

" E: Would You guys be interested 1in participating

in future experiments.
5: Oh. definitely
S: Definitely.

S: Very much so.

88

Could spend twice as long at
a session without getting
saturated.

Would you like to do more
with SOFHIE?

Definitely.






ihpter
NP LAY FXEERRIMENT

Ihe bxperinen?

In vrter to deterrine what students  o~ould learn from
the JGFHIF onvironrent |n a hirhly compact, intense session,
we desiyned a4 osix<hour mini-course which consisted of most
A the detivities used in  the four-day mini-course. In
atdition to the =cheduled sequence of activities we

adrinistered 2 pre- and post-test to assess what was learned
durirry this short oxposure.#

Tne eoxperirment  was  structured as tollows: First
Students  from the =same technical institute as the earlier
Froups arreed to participate in an eight hour

troutleshcouing experiment to be conducted nn a Saturday.
They were paid for participating. At 9 o'clock they arrived
and wWere siven a brief overview of the day's activities.
They were then piven the instruction booklet to study for an
hour. while =studyine the booklet, they were encouraged to
ask questicons and talk over (among themselves) any issues
they didn't understand in the booklet. This helped bring
everyone up to the same level of understanding. The two
experirenters were mostly absent from the study room during
this period.

Following the study period, an informal recitation was
given covering troubleshooting strategies, feedback circuits
and subtle aspects of the 1P-28. Then a troubleshooting
pre-test was administered using SOPHIE. This test consisted
of two exercises, each involving the student locating a.
fault in the 1IP-28. In order to minimize any of their
- anxieties in havine to use SOPHIE for the first time and
simultaneously take this troubleshdoting test, we had each
subject write in English on a 3x5 card whatever measurement
he wanted to make. The experimenters would then type the
question (measurement) into SOPHIE thereby showing him
explicitly how to use SOPHIE.** We limited the total time
for these troutleshooting exercises to one hour and if the
subiect was obviously getting nowhere on the first fault,
we enccuraged hir to move onto the second.

¥We consider such a short session to be the least favorable -
conditicns wunder which ‘o wuse this system, since this
environment has been designed to stress "understanding”" as
opposed to rote procedure following. Nevertheless we wanted
to determine what could be learned under these adverse
conditions.
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Next o there wainooa lureh treenk tellowed by a0 brief

~rltten test which atterpted o qrocers qualitative knowledpe

totree [heok, (Veo Appendix ¢ ter copien of both  the pre=-
el pootetents) The students then enyyped in their secord
o bl activity -- using the  bxpert  Lebupper., They used

this system for seven runs, inserting a tault in each of the

even tfunetieonal btlacks. After the bxpert bebupger located

tre taulty  functicnal module, they were instructed to pick
Hpowhere the Fxpert left offt and  lrcate  the actual fault
incide the given block -- thus providing them with

axperience with local troublecheotine which complemented the
Yunctional block approach of the Fxpert

Following this activity they were piven a fault to
troubleshoot by themselves, without the assistance of the
Expert. Then they were split up into two-person teams and
cfiven two more faults to troubleshoot. During the team
exercises they were encouraged to discuss their
troutleshooting strategies and understanding of the IP-28 as
ruch as they wanted.

By this time there was an hour left which was used for
a two part post-test. As in the pre-test, they were given
two faults to troubleshoot (on an individual basis) and then
a written post-test.

Cur reactions to the results «f the one-day experiment
are mixed. On the one hand, we have demonstrated clearly
that significant learning takes place in a short time using
the extended SOPHIE ‘'system. As wi!l be shown below, test
scores improved as a result of only t‘~ee hours of using the
system. Further, time to troubl-.ncot a fault went down
dramatically during this short exposur: to the system. On
the other hand, the students ciearly enjoyed the course less
than the other three groups did. The one-day people said
that their heads were spinninge, that we were trying to teach
ther too much in too little time. Their saturation point
had been reached. They felt the experience to be valuable,
but too intense.

The written tests were desirned to test teleological
understanding of the IP-28 pcwer supply. Given symptoms in
a partioular circuit, students were asked to make hypotheses
,**We now feel that this provides the best way we have yet
found to introduce naive users to the system. Usually by
the third measurement each subject felt so confident in
using SOPHIE that he would disregard our explicit
instruc*ions to wait for us and just type in his requests at

his ocwn pace.
9'7
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whirh would explain the symptoms. Threr difterent circuits
were  used: a fictiticus simple power supply circuit similar
te part of the IP-2%&, a block-diapram IP-26&, and an actual
IF=% cirecuit. Thus, hypotheses in terms of functional
tlocks and actual component faults were solicited. The
tests were intentionally hard enough that no one would get
everytring -- the test measures a wide range of abilities,
and thus no student topped or bottomed out in either pre- or
pnst-tests,

Two tests, designated V and W, were used. Trey were
crossed-aver, 350 that half of the students took V as a
pre-test and W as a post-test. The remaining students took
"he tests in reverse order. Care was taken that students in
different groups did not discuss the tests with each other.
Crossover allowed us to ensure that pre- and post-tests were
of equal difficulty.
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Faw scores for the tests were as followo ¥

V test: 2¢.5%, 21, 2W.8, 22,4
W test: 16, 28.¢, W, jo¥'4

Averare scores for the two test forms were:

7. ¢
26 ¢

" on

v
W
Thus, toth tests were of apprexirately equal difficulty.

In terrs of pre- and post-tests, raw scores were as
follows (of a possible 4f peints):

Student fre- Poot- o Deita
A 18 2t.5 +6.¢5
B 21 2t. 5 +7.5
C Y 29.& +5.5
D 2.5 26 +2.5
All scores imprcved from pre- to post-test. The mean

standard deviation and t-statistic for the Deltas are:

D = 4+€.00
SC = 2.¢5%
t = 4,54

Thus, at the .9% level uof significance, the students
improved 1in their ability *o make correct fault hypotheses
given a set of symptoms.

The other standard for comparison of student

performance we present here is ‘i : to troubleshoot a fault
using SOPHIE. We comrpareleach s " :at's work on the same
fault before and after the ' .' of his work with SOPHIE.
Note that students had a chance ‘et used to SOPHIE before

the first of these faults. Identity of faults was concealed
from the students: The duplicate J=xults were included with,
others so that students wovlu be unaware that one fault
recurred.

*¥*One student did not do the pcst-test.
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CLres e ind the Pault owers o telicwn ¥

cludent Fres boot - [elta
be Oy minuter JPominutes <1Y minutes
v 1t minutes ¢ minutes <10 pinutes
! 1 rinutes 7 minuten -G minutes

All students irproved draratically. Tre average improvement
wWa3 11.3 minutes, an improverent of 4] percent., Arain, this
chanre is sipnificant at the .05 level.

Gualitative improvement in troubleshooting was also

mar<ed., Consider the measurements made by student C in his
first attempt at fault Q& (Cé shorted):

*Unly three students did the pre- and post-fault test.
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Jtindent
Fault G «c First Teot

FAULT INJERTERD
1. THE QUTHUT VCLTAGE I <47 MILLIV L1,

keasenable  first  reacurement  --  external symptom.
oo THE VOLTAGE AT N© IS 4.7 MILLIVOLTS.
o, THE DUTPUT VOLTAGE OF THE DC SOURCE IS 49.3 VOLTS.

L, THE VOLTAGE AT Nt IS ~4.7 MILLIVOLTS.

S, THE VOLTAGE OF THY CONSTANT CURKENT SOUKCE IS 0.0 VOLTS.
These four measurements represent a signal-tracing
approach to the problem. The method has some merit,
tut it ipgnores the role of feedback 1in the ~circuit.
Measurement U is inside the Darlington Amplifier,
providing little infcermation.

t. THE VOLTAGE AT THE COLLECTCR OF Q4 IS 49.3 VOLTS.
Kedundant -- same test pcint as measurement 2.

7. THE VOLTAGE AT N3 IS UWE.&5 VOLTS.

¥. THE VOLTAGE AT N2 IS u7.9 VOLTS.

G. THE VOLTAGE AT THE COLLECTOR OF Q2 IS 0.0 VOLTS.

These three measurerents are inside the CCS block, but
no evidence ot CCS failure has been obtained.
(Measurement 5 is inconclusive on this point.)

1C. THE OQUTPUT CURRENT OF THE CONSTANT CURRENT SOURCE IS -.6

MILLTAMPS.

This means that the C(CCS block 1is 0K -- useful
inforration.

11. THE BASE CURRENT QF C4 I8 0.0 AMPS.

And that none of the CCS cutrut current is going into
the Tarlington Amplifier (DA).

12. THE COLLECTOR CURRENT OF Q& IS 0.0 AMPS.

Or into the Current Limiter (CL),

1. THE COLLECTOR CURRENT OF Q5 IS 0.0 AMPS.
Or into the Voltage Limiter (VL).

4. THE CURRENT THRU Cé IS .61 MILLIAMPS.

Only rermainineg place for the current to be going.
Confirming (unnecessary) measurement.

Cé REPLACED

15. THE OUTPUT VOLTAGE IS 20.1 VOLTS.

Verifying that the symptom has been eliminated.

101

94



Jtudent ©

Fault OF - “eccond Test

FAULT INSFHTEL

Vo THE VOLTAGE I8 ~0.7 MILLIVGLT:.
Feasonable -- cbserve external symptom, as before,
THE OQUTPUT VOLTAGE OF THE VOLTAGE REFERENCE SUPPLY IS
0.0 VOLTS.
Geed functional measurement -- checking the voltage
regulation mechanism.
THE GUTPUT CURKENT OF THE CONSTANT CURRENT SOURCE IS -.6
MILLIAMFS,
ficod functional reasurement -- is there current for the
feedback regulation mechanism to operate.
b. THE FASE CURRENT OF THE DARLINGTON IS 0.0 AMPS.
Is any of this current pgoing to the Darlington
Arplifier, as it . should be?
‘. THEL EASE CURKENT OF C€ IS 0.0 AMES.
Frcbably reant collector of GE -- mistyped?
t. THL COLLECTCH CUKRRENT OF Q% 18 (.0 AMES.
Is it poing into the Voltare Limiter?
7. THE CURKENT THRU Cf IS .61 MILLIAMPS.
Cenfirming measurément -- must te shorted capacitor.
b. THE MEASURED RESISTANCE OF Cé IS 0.0 OHMS.
Secend confirrine reasurerert -- apparently just trying
A new questioan. —
¢ KEFLACEL '

THE CUTEUT VOLTAGE IS 0.1 VOLTS.

The atove scenarios show a dramatic yualitative
{=provement. The first 1is characterized by a lack of
cverall stratercy and an insensitivity tc the teleology of
fre instrurent. The second is much rore systermatic, showing
tne clear influence. of the Expert Detupger. Measurements
1re at the inputs and outputs of functional blocks until the
‘heatisan of the fault becomes clear. Measurements inside
Aerking tlocks have teen corpletely elirinated.
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ERIC

Aruitoxt provided by Eic:

Uhapter 7
CONCLUS ToN

we have desceribed here 2 aet of  extensions to the
gubtiie system, the structure of a short course in electronic
troutleshooting, and a series of formative experiments to
~valuate the one in the context of the other. We have shown
ty example that sophisticated artificial 1ntelligence-based
systems and frame-oriented system: can complement each other
> rood Aadvantarge. We have constructed a learning
«nvircenment which is riech, open ended, and at the same time
structured in a way which makes it easily exploitable.

We believe that eacn ot the components of the learning
=nvironment presented herce has been shown to be of value.
ine written lesson materials described in Chapter 2 were

very well received, (roviding a solid basis upon which to
tuild the remainder of the troubleshocting and electronics
course, The two team troubleshooting pames were extremely

successful, as was the -xpert iebugging interaction.

Lessen Materials

Lur students in the experirent praised the written
i»ssen material hiehly. Wwe are developing a theory of
presentation for teleolorical knowledpge. The lesson
raterial represents our attempt to use our evolutionary
desisn mcotaphor for communicating how and why a circuit is
structured the way it is. 1In future work, we hope to refine
and tetter articulate this theory so that it can be applied
more eenerally.

The twc-tear troubleshooting rame was successful in two

Ways. First, it proved to he an effective learning
situation. The students took readily to the competitive
aspect of the game, increasing their already high

rotivation. Corpetition in the game is a tool which allows
U8  tc ‘direct student attention to areas of the interaction
we wish te stress. In particular, inventing devious faults
is a productive activity. It exercises all of the student's
knewledee  of the teleology and symptomatology of the
instrument. Similarly, having to set up the instrument's
controls to evider.e a syrptom calls on one's ability to
rredict  consequences  of JFaults. Ey adjusting the rules of
the tw o -toam yrare, we have teen atle to emphasize just those
activitier which wWwe consider rost useful in extending the
depth of student understandinege.
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ite second success or the  two-team ooape o that it
Flves  un new  atccess to the thinking of studen.s as they
develop thelie own moc- s of electronicrs and troubleshooting,
Fotore discovering this methed, we had relied on protocol
mnalysis and the introspective repnrts  of troubleshooters.,
Unfortunately, introspection usually does not yield Food
Informatisn about misunderstandings cr even strategpy. Ly
recording  a pair  of students working on a fault, we pet g3
rreat deal of hiphly useful inforration. Team players are
'ar less celf-conscious than sinple "informants.™ They make
and det'end hypotheses, explair things to each other, and
plan  stratepies, We plan to use this method of viewing
students’ developing world nodels extensively, in
conijunction with debtugping protocols, to develop more
refined automated procedures for diapncesing  and correcting
student errors and misunderstandings in the “learning
vnvironment .

Expert

The xpert- iebugging interacti~n, similarly, is a
prcductive aurmemtation of the basic SOPHIE lab environment .
Well received, it g ves student expcsure teo an articulate
and proficient debugper. Students found the interaction to
be interesting and ravealing of pencral troutleshooting
stratesy anc¢ of the characteristics of the instrument under
test. The Expert is implemented using a carefully built
debugging tree, aurrented by text frames which explain
Strategy, loric, and conclosions. As such, it represents an
advanced, frame-orlented CAl sub-syster. Such
frame-oriented programs can te integrated into " a larger
environment which contains scphisticated Al-based programs,
games, and other activities, The Expert Debugging
Interacticn provides activities in the SOPHIE environment
which complerent the laboratory. The two activities, in
combinatien and Alternation, are more effective than either
would be alone. The Fxpert provides a directive
introduction to how to troubleshoot and how to make use of
the SCPHIE lab. The lat, on the other hand, provides
situations which challenge the student's debugging and
electronibs'Uﬂderstanding, making what the Expert has to say
more interesting and relevant.

Although in its current irplerentation the ¢xpert is a
purely extensional system, we are developing a generative
versicn which promises to te far rmore flexible. This
development is only pcssible tecause of the experience
gained in building the extensicrnal system first. The
generative system we are building will adapt to the state of
knowledge and comprehension of the student. It will be
implerented using production rules, a technique which
prorises substantial flexibility. Although some of the

97

104



texts printed by the new  nynter  will  be "canned," the

remainder will be penerated. Wee  rnope that many of  the
cxplinations we provide will be cyntnesized as needed, using
advanced frodels of how te explain ~ircuit interactions and

debureing strategy.

The Expert sub-syster is expectsd to scale up well.
The compiexity of circuit and strategy which can be built
intoc an extensional system is limited by practical
considerations -- one has to write a2 sreat deal of text and
think out a large number of contingencies. Our pgenerative
system, however, should be able to .cope with more complex
circuits and a range of debugging stratepies. We expect
that the new system will te able to deal with a variety of
circtits, and will not te limited to DC analysis. The logic
enployed ~can be applied as easily to AC circuits, circuits
it"“'which transients, distortion, waveforms, and noise are
important, and to other technologies such as digital
circuitry and microwaves.

Finally, the Expert system is susceptible to scaling
down as well as up. Since the faults which it introduces
intc the circuit can be a finite, pre-determined set without
damage to the interaction, ecircuit sirulations could be
pre-comduted instead of penerating them on-the-fly, as is
done now. The demands upon corputing resources which remain
are so modest that the resulting system could bte implemented
easjly on a small computer with sufficient file access. We
plan "to experiment in this dimension as well. One
configuration which we have considered employs an
intelligent terminal to execute the Expert program. File
storage could be provided on-line to the t.:rminal, or via a
time-shared interaction with a larger host. Such a
configuration could be very economical immediately.

Mini-Courses

Several conclusions may be drawn from the formative
learning experiments performed in the extended SOPHIE
environment. By experimentine with format, we have
determined that a single, concentrated exposure to our
froubleshooting and electronics material may well be a poor

w3y to teach it. Instead, 2 somewhat longer exposure,
spread out over a greater elapsed time, seems to be more
effective. The experience of the SOPHIE environment may in

fact induce a major reorganization of the student's
understanding of electronics and debugging. Such a shift of
model takes time to assimilate. Thus, a sinrle day
concentrated exposure 1is inappropriate. Rather, a day a
week for several weeks, or a few hours a day for several
days seems to be a preferable schedule.
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An important area of concern to us 1s the role of
instructors in a SOFHIK-based learning onvironment. We
telieve that a well desifned systep will allow the lab
instructor to change the way he interacts- with his students.
The computer system is able. to help students~pinpoint their
Cwn  problems by example (the Expéert)-=and - ¢y explicit

cocunter-example (lab hypothesis evaluation). .Fhus, the 1ab
instructor is not required to track each student's
measurements. Instead, when a student is having trouble,

the instructor can make use of SOFHIE facilities to point to
areas which need further explaining, or suggést SOPHIE
activities to the student to shed light on his problem. For
example, the instructor might recommend that a student
experiment with an instrument with a particular fault before

proceeding with his immediate problem. SOPHIE's greatest
weakness at the moment is that it canpot follow up on errors
or hypothesis evaluations. One Of the roles of an

instructor in the SOPHIE environment is to provide this kind
of fo.lowup, and to Suggest particular activities within
the environment which he thinks will be beneficial.

Thus, the ins*ructor plays an essential role 1in the
total learning environment. To be able to carry out his
part, the instructor must be a competent troubleshooter. He
must have a good intuitive feel for the electronics involved

in the instruments under consideration. The SOPHIE
environment allows him to be of more service to more
students than he would otherwise bhe. But because he is

responsible for clearine up misunderstandings beyond the
Scope of the computer system, the success of students in the
lab who are having the rost difficulty will depend heavily
on him. ’

Much to cur surprise, several students commented that
they thought the mini-course taught logical skills beyond

those of troubleshooti'r, repr se. They thought that general
‘problem-solving str-t - s were being learned. In
particular, we were u ., : hirh level model approach which

proceeds by decomposin, wncle Systers into functional units.
The interactions of these components reflect both their own
implementation at a lower level and the behavior of the
System at a higher level. Viewed in these terms, the
troubleshooting and model-buildins experience gained with
SOPHIE may in fact be applicahle in many other domains.
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APPENDIX A 1IP-28 Diagrams
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I. INTRODUCTION

The power supply which you will learn in this lesson is
the Heathkit IP-28, a good example of an electronically
regulated, solid state, laboratory power supply.

The approach used here in explaining how the IP-28
functions will be to start with a broad general description
of the requirements that must be met by circuits which are
to behave as a power supply and tc progress in stages to an
explanation of the actual circuits used in the IP-28.

In the intermediate stagpes we'll describe the circuits

as functional modules which do specific jobs. These
functional modules are the "blocks" of the block diagrams
with which you may be familiar. After considering the

functional structure of the IP-28, we shall consider circuit
details, first by looking at simple circuits, and, finally,
by developing these circuits into the actual working
electronics of the IP-2§.

[I. BASIC REQUIREMENTC -OF A HEGULATED POWER SUPPLY

The primary function of a power supply is to change the
alternating current of power utilities to direct currentc.
You probahly already know that this conversion is
accomplished by a rectifier which changes alternating
current into pulses of unidirectional current followed by a
filter which smooths out these pulses into a steady direct
current.

A rectifier and filter can thus be thought of as a
power supply, as shown in the functional diagram of Fig. 1.

O +
:'_f_).:: RECTIFICR FILTER I DC OUT
.._{ i__._.o
AC. IN

FIG. 1
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But this type of rectifier filter combination is by itself

very unsatisfactory because its DC cutput is5  not very
Steady. [t changes under the influence of many external
factors such as amplitude of input AC voltage, temperature,
and, particularly, as th- 1load current changes, Since

modern electronic equipmen-. requires very steady voltages, a
sophisticated power supply like the 1IP-28 needs to have
additional circuits to Stabilize the voltage provided by a
simrple rectifier and filter, and to provide the facility to
vary it. These additional circuits are called the power

supply's regulator. Fig. 2 is a functional diagrar of a.

regulated power supply.

REGUL&\TION
CONTROL

RECTIFIER FILTER

FIG. 2

Most of the complexity of the IP-28 resides in these
functions of regulation and control, so let's begin by
taking a first look at how a regulator works.

REGULATORS

There are many kinds of regulators, We shall be
concerned mainly with a class of regulators called active
regulators. This is because they maintain the supply's
output’ voltage constant by actively doing something. If,
for any reason, the output voltage departs from its nominal
or required value, these types of regulators preact in a
manner which returns the output voltage to where it should
be. It 1is clear that in order to accomplish this active
ad justment of output voltage to compensate for perturbations
caused by changing load and otner factors, regulators must
be ahble to do two things.

First the regulator must be able to somehow vary the
cutput voltage. Second, the regulator must be able to sense
any deviation of the output voltage from its required value.
These two functions are performed by most 1if not all
regulated power supplies. There are many ways of
irmplementing these functions, each leading to a particular
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classitication of ropulator such as  "series regulator",
"shunt  repulator", "switching repgulator", ctc. Perhaps you
have heard about these.

In this lessen we shall consider only the Series
repgulater or  Jeries-pass Hepulator hecause the 1P-28 is an
example of this particular type. 1In the next section we
shall see why it is =o called.

We have already mentioned that a repulator must be able
te wvary the output voltage of the zupply. The repulator
accomplishes this wvariation by means of a REGULATING
ELEMENT., In Fip. R below is shown a typical way of using a
‘repulating elerment to vary the output voltage of a supply.

[T T T T Tt | T T T T T T T
| || |
! QP STV V.V [
| by MESE |
| | Ul REG.CLEMENT |
| - it AL $ '+ [
I | RECTIFIER - FILTER |1 ] SLOAD {
{ — - |
| I |
| I ! |
[

| DC SOURCE | REGULATO |
SO (N S

FIG. 3 B

As you can see, the repulating element is shown as a
variable resistance placed 1in series with the load. This
series arrangement is the reason why such a regulator is
called a Series regulator,. By varying the effective
resistance of its regulating element, the Series regulator
is thus able to vary the voltage delivered at the load
according to the laws of simtle voltare divider action.

Fig. 2 is incomplete a.; n basic functional description.
[t does not show how the regulating element is controlled.
Obviously there is no little man inside the supply cranking
the slider of a rheostat. There are, however, circuits
which do this Jjob of controlling the regulating element,
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and, for the moment we shall lump them all into %.function
called tho CONTROLLEK. R

Now, how does the CONTKOLLEK know that the output
voltage has strayed and needs readjusting? The answer is
simple., [t is told by another function which senses the
output voltage and compares it to a REFERENCE voltage.
Fig. U shows these additional functions.

REG CLELEDT

" +
L{—_..._.._._.___.. \/V>/\/-,‘«.._J_._ O +
== j‘:_..___.._
DC
SOURCE
" T LOAD
'-\, _' ) ) r‘\' _.l"-
CONTROLLE AT
\

FIG. 4

We are now in a position to surmarize briefly the basic
operation of a series regulated supply. Please refer to
Fig. 4,

The rectifier and filter change AC voltape into a [DC
voltage which is applied to the load throueh a series
REGULATING FELEMENT whose effective resistance can be
adijusted. A COMPARATOR senses the output voltape source
Vref. If there is a difference hetween the two, a
CONTROLLER adjusts the REGULATING FLEMENT wuntil that
discrepancy disappears. This feedback action is continuous
and thus dynarically maintains the output voltage at “he
desired value.

Having surmarized the funecti-nal relation of series
regulated supplies in peneral, we are now ready to develop
the basic modules which make up the [F-D¢.
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FUNCTIONAL MODULES
SIMPLIVIED CIRCULTS

Having understood the underlying structure of the
[P-28, we can now proceed to a preliminary version
incorporating actual circuits.

Fig. & shows a first realization of a power supply
built along the lines suggested by the basic functional
block diagram of Fig. 4. The circuits shown in Fig. 5 are
simplified versions of the real ones found in the IP-28 but
they work nevertheless and are useful as an introduction to
their more complex counterparts. The actual circuits of the
IP-28 do not differ in principle, but are more complicated
only for reasons of 1increased performance, overcoming
limitations of individual components, adding protection,etc.
We'll be petting to these circuits later, but for the moment
let's look at the ones shown in Fig. 5.

THE SERIES REGULATING ELEMENT

L's
The regulating element ~f our simplified power supply
is a single transistor (r. Its nollector is connected to

the output of the filter and its eritter toward the 1load.
The collector-emitter resistance of Or is thus placed in
series with the load. Since it i{s a property of a
transistor operating in its active region that its collector
emitter resistance varies as the base current is changed, Qr
behaves effectively as a variable resistor whose resistance
is contrclled by a current. As the base current Ib of Cr
varies, the voltage drop from the collector to the emitter
changes and consequently, the voltage applied to the load
chanses acceordine to a simple voltarse divider action. We
have then our means of controlling the output voltage of the
pcwer supply. Now, it is important to realize that while (r
does indeed hehave 1like a current controlled variable
resistance, ‘it nevertheless must still conform to the
requirerents nf any transistor operating in {its active

region as an arplifier. Thus, in a non-faulted functioning
circuit, Cr nas its bhase-emitter junction forward bilased,
its collector-tase junction reverse biased, and its

nrollecter current related to the base current by:

LE = i
Ib )

where »= 4c current gain. (Remember this when .you begin to
trcubleshonot the IF=28.)
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CuMPARTIOUGN AND KREFERENCE

Fefore we discuss the CONTHOLLEK which varies the

collector-emitter resistance of Cr. let's see, with
reference to Fig. %, how an error or discrepancy signal 1is
renerat-t in the IP-28. This error signal you will recall
is what *-11s the controller to readjust the regulating
clement (Or in a w:y which brings the output voltage back to
its required value. The tunctional block diagram of Fig. 4

sheows  the error signal being generated by a mysterious
corparison block which accepts the output voltage and the
reference voltape as inputs, and which outputs an error
sirsnal, presumably when the output voltage of the power
supply dces not match the reference voltage. In the 1pP-28,
the comparison between output and reference voltages is
performed 1in a deceptively simple fashion: output voltage
and reference voltage are subtracted from one another by
simply "tucking" them, that is, by placirg them in series
with cne another.

It may L casier to see this if we redraw the pertinent
pertion of tie. 5 to obtain Fig. 6 on the fullowing page.
Now it is cleur 1Viom Fig. 6 that Vab, the voltage between
nodes A and B which is applied to the controller, is just
the difference between reference voltage  Vref and output
. -wave, Vload. Therefore, when the output voltage rises
above Yref, Vab becomes positive and drives the controller.
The latter in turn adjusts Cr as we shall see shortly.

REEERENCE VOLTAGE SOURCE VREE

The primary requirement for Vref in this application is

that it be isolated or "floating”. A battery having the
reaquired voltare would be suitable and could in fact be
wired inte a circuit, Batteries do run down, however, so in
the [P=Zf Vref is a complete power supply all by itself. It
has a1 transformer, a rectifier, a filter, and of course a
revulator! For our cimplified power supply it is enough to
have Vref ~ensist  of the crudest type of nalf-wave
rectifier, capacitor, and zener diode as a passive
revulating element.  This is shown below in Fig. 7.



P

VREF

£

04
6
121

FIG.
111

——— e
R

//







=\ /

o - +
I VREeF
|

ff*.xl
i

A
|
|

__; A | _..B

7 : Q
CONTROLLER |
FIG. 7
CONTROLLER

As we have se€en, Vab is the result of the comparison
function. It is the job of the controller to accept Vab as
input and to translate this into a suitable compensating
drive for (Cr, the regulating element. Reference to Fig. 5
shows the controller to be made of a CONSTANT CURRENT
SOURCE, consisting (for the time being) of only R11 and of a
control transistor Q5. We shall make these two components
into two separate functional modules, the GC (for Constant
Current Source) and the VL (for Voltage Limitter). The
purpose of the constant current source is to maintain an
unvarying current Io flowing into junction X. We shall
postpone a discussion of how a good constant current works.
For the moment we just assume that a relatively stable
current flows out of R11. It is important at this stage to
realize that Io should never change in a properly
functioning circuit. Now notice that Io flows into junction
X and divides into two currents Ib and Ic. If transistor
Q5, the VL, Iis ty all of Io flows in the upper branch.
This condition presents the maximum drive to Qr, causing the
latter's effective resistance to be the lowest possible. It
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i1s also the condition urnder which the power supply delivers
its  maximum current tec the load. When Q5 begins to conduct
A4S a result of positive drive voltage Vae being applied to
its base, a portion of Io is diverted away from the base of
Cr resulting in less drive to that transistor and. =
consequent increase in its collector emitter resistance.
The controller thus functions by using the. input voltage Vae
to vary the conduction through Q5% which in turn shunts
current away from the base of Qr.

we have just discussed the circuits making up the ma jor
functional blocks of our simplified IP-28. These are: the
Direct Current Source (DCS) made of a rectifier and filter
(which we won't describe since you are probably quite
familiar with these), the series regulating element (RE),
the constant current source (CCS), the Voltage Limiter (vL),

and the reference voltage source (Vref). Now Wwe can
Ssummarize the operation of the 1IP-28 1in terms of these
circuits. Please refer again to Fig. 5.

Unrepulated DC voltage is applied to the load through
the collector-emitter path of Qr, the series-regulating
transistor. When the supply is first turned on, the output
voltage is zero and therefore less than the reference
voltage Vref. Vab is negative and Q5 ~completely cut off.
A1l of 1Io thus flows into the base of Cr. At some point,
the output vcltage becomes greater than Vref. At some
point, the output voltage becomes greater than Vref causing
Vab to become positive. Co begins to conduct and shunts
current away from the tase of Qr. The voltage drop across
the collector and emitter of Cr increases as a result of the
decreazse ,in base drive Ib and continues to decrease until
the output voltape stabilizes at some value very close to
Vref. Henceforth, the output voltage remains equal to Vref
and the regulating action just described acts continually to
maintain it at that value.

FUNCTIONAL MODULES
THE KEAL IP-2E8

By ncw you should be thoroughly comfortable with the
concepts involved in the simplified IP-28, so it is time to
consider the "real", more complex IP-2&,. Fig. 8 is a more
accura*~ functicnal description of the actual IP-28. You'll
noti-e trat there are two additional functional blocks
incl:ii~t, namely the CL and the 0PF. Fig. 9 is the
scheratic of the IP-2& and shows the complete circuits
inside each module.

The "real" IP-28 has:
..... a more complex regulating elerent
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..... a more complex current source

..... A more complex voltage reference

..... protective-circuits to limit maximum current out of
supply

..... controls to vary output voltage and current limits

In the next section we shall look at the reasons for this
increased complexity by considering one module at a time.

REGULATING ELEMENT (DA)

In the simplified 1IP-28 the regulating element
consisted of a single transistor Qr. If the supply had to
deliver 1 amp to the load and the output of the current
- source were .6 ma what do you think the beta of Or should

be ? '

Since Qr is operating in its active region, the ratio
of required output current to base drive is_ about 1666.
Therefore Cr should have a DC current gain beta of at least
that much. Unfortunately, it 1is not possible to find
transistors having such high betas together : with the
capacity to pass the .large currents necessary. in this
application. A typical solution to this problem is to use
an additional transistor to amplify the current and this is
what is done to solve this particular problem in the IP-28.

In Fig. 9 you can see QU as the current amplifier for
control current issuine out of the constant current source.
The drive current for @2, the series pass transistor, is
thus roughly the base current of Q4 multiplied by its B,
Such a connection of transistors to obtain larger current
gain is a classic one and known as the "Darlington
connection™ or Darlington amplifier. Notice that the
addition of QY4 has not changed our functional view of the
IP-28; in fact, unless one of the transistors is faulted you
can treat the two like you ‘would a single transistor, as
shown in Fig. 10. '
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COLLECTOR

EMITTER
¢
‘BASE ,
FIG. 10
Because of this "Darlington" connection of two

transistars to form the regulating element, we have renamed
this functional module the DA. In the schematic, Fig. 9,
you'll notice a few complications. R22 is added to keep the
base-emitter junction of QU4 forward biased or "on" when the
supply is wvery 1lightly 1loaded. Simple? Yes, but be

- forwarned. There are subtle faults with strange symptoms

which can develop here. You might explore these
possibilities by asking Sophie to fault this region (perhaps
R22) and making measurements.

CONSTANT CURRENT SOURCE (CCS)

A glance at the schematic shows that the CCS, made up
of two transistors, Q1 and (02, 1is considerably more
complicated than the CCS of the simplified supply which
consists of a single resistor R11.

However, before explaining the reasons for this
considerably increased complexity, it may be useful to pause

in our explanation of the functional modules in order to
discuss current sources. We did not say much about them
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earlier.,

what are current sources? Current sources are
completely analogous to voltage sources but they do not
appear as frequently in our environment as voltage sources
40, so they may seem stPange at first. An ideal voltage
source delivers the same voltage to a load regardless of the
load's value. Fig. 11 summarizes the hehavior of a voltage

source. i
[=1AMP 1 =01 AMP
+ P +
I ‘ 1
10v 100 10v 10082
i 10 volt voltage source When the load is changed
delivers 1 amp to to 100 ohms, the voltage
10 ohm load. source delivers 0.1 amp.

The voltage output remains
at 10 volts.

a) b)

FIG. 11 VOLTAGE SOURCE BEHAVIOR

In an analogous fashion, an ideal current source delivers
the =same current to a load regardless of the value of the

load. This is shown in Fig. 12.
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1 N‘!P -H‘Jnn
I > T -
) IOv ) 100v
. 108 T 1000
1 amp current source When the load is changed to
deliyvers 1 amp through 100 ohms, the current source
10 ohm load. Voltage continues to deliver 1 amp.
developed across load The voltage across the load
is 1x10 = 10 volts. now rises to 100 volts!

a) b)

FIG. 12 CURKENT SOURCE BEHAVIOR

Most sources of electrical power are voltage source,
Batteries, power supplies, household outlets, etc., are all
voltage sources and exhibit characteristics summarized in
Fipg. 11, If that 1is so, how does one make or obtain a
current source?

L

One way, perhaps the simplest, is to deliver power from
a voltage source to a load through a resistor that is very
much larger than the load itself as shown in Fig. 12,

13i.
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The current in the circuit above is primarily
determined by the 1K resistor because the ioad is so small.
If we change the load frem 10 ohms to 15 ohms fo~ instance,
the current won't change very much, so it appears that the
10 ohm resistor is driven primarily by a current of 1 ma..

This is the approach taken in the "simple" version of
the 1IP-28 (Fig. 5) in which the CCS consists of a single
resistor R11. Of course, this method of creating a current
source has disadvantages. It does not create a truly
unvarying source of current, and the large resistor causes a
correspondingly large voltage drop which results in a very
small current output and requires a very large voltage
source to start with.

Fortunately there are better ways to make current

sources.. In fact, an ordinary transistor biased as a linear
amplifier behaves as a current source for its collector load
resistor. This 1is true because the collector current is

determined by the transistor's emitter-base bias, and,
within certain 1limits, nothing one does to the collector

load resistance can change the collector current.

The reason for this .. inherent in the way a transistor
works. You probably recall from elementary transistor
theory that the ccllector current is due almést entirely to
carriers which have been injected intc the base region of
the transistor by forward biasing its emitter base junction.
These carriers have a polarity which causes them to be
"swept" into the collector circuit by the collector-base
bias voltage, and their flow through the collector is what
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Ic

we call the collector current. The collector current is
thus controlled only by the biasing of the emitter base
Junction. This inherent characteristic of the' transistor is
shown graphically in Fig. 14, o

ey

\L \ N Y
——1b3 Ic
/\ \ R
8 \ A
e 1b2
/ \\\\::\\\L R
Ibl Ib Vee

P

¥

Vce Vee

FIG. 14

Fig. 14 shows a family of collector . characteristic
curves for an jdeal transistor, as well as the '‘load lines
for two different collector resistors. These curves are
plots of collector. current v.. collector voltage for
various values of base current. You'll notice that beyond a
certain minimum value of collector voltage the collector
current remains constant with variations of collector
voltage for a given value of base current. Now, in Fig. 14,
ycu can see the effect of changing the resistance of the
collector 1load resistor. As the resistance increases, the
Ooperating point of the transistor shifts from A to B. The
current through the resistor thus remains the same while the
voltage across it rises.* Farlier we explained that this is
exactly what a vresistance ‘'experiences" when driven by a
current source; so you can now see how a transistor can
behave like a current source.
®¥The voltage across the resistor is the source voltage Vee
minus tre collector-emitter voltage Vec.
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Thus the amplifier shown in Fig. 15 will make a good current
source for the IP-28 if instead of driving a collector load
resistor of A-F as shown, it drives the VL and DA of the
regulator.

Unfortunately reality is almost never as neat as our
idealizations of it, and the circuit in Fig. 15 above still
falls short of being a perfect current source. In
particular, th ollector current does vary somewhat with
load resistance uecause the change in collector-base voltage
caused by laige variations of load resistance affects the
emitter-base circuit. This effect in turn causes changes in
emitter current and consequently in the collector current
too.

A real transistor therefoure generates curves which look

'more like the ones shown in Fig. 16 below. You'll notice

that they are not "flat" 1like those of the "ideal"
transistor but tilt upwards, showing an increase in
collector current with collector voltarge. A careful look at
the operating points A and B on these curves shows that the
current through an associated 1load resistor decreases
slightly as the resistance is increased. Because of this, a
real transistor approximates an ideal current source, but
doesn't, as you see, quite make it.
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_ 1b4

— 1b3

If_L \ A — 1b2
r N m

UNWANTED
CHANGE

Vce

FIG. 16

To elininate suoh '"second order® effects, the more
complex current source of the actuai IP-28 incorporates an
additional transistor C1 which replaces Rx of the simpler
source. This is depicted in Fig. 17.
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FIG. 17

The additional transistor 01 behaves as an amplifier. .
If you study the configuration closely you will see that the
input to this amplifier is the voltage drop across K11
caused by the emitter current, 12, of the original current
source transistor. This amplifier's collector load resistor
is R9, and 1its collector current develops a proportional
voltage across RA. The voltage across R9 biases Q2; 1if 1t
changes, so will the output eurrent of Q2. Now consider
what happens 1if a large decrease in collector load
resistance of 02 has caused an unwanted increase in 02's
emitter current. As I1 increases, Q1 conducts more heavily
and, as a consequénce, more current flows through R9. The
voltage across RO thus increases. As a result, the bias on
02 decreases, and this in turn acts to decrease the emitter
current of Q2.

The addition of Q1, then, is a way of adding local
negative feedback to correct the deficiences of the single
transistor current source. Acting as an amplifier, Q1
amplifies small variations across R11 caused by variations
in Q2's emitter current and drives the base of 02 in a
compensatory direction; that 1is, it drives the base in a
direction which cancels the original charge. In this
manner, the emitter current of Q2 is stabilized and this
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makes the collector current of 02 very constant., You'll
probably now recognize Fig 17 as being identical tq the
current source schematic in Fig. 9.

VOLTAGE LIMITER (VL)

We have already explained the simple action of Q5 as it
draws more or less current away from the control input of
the regulating element and have already called the module
containing Q5 the VL or ‘Voltage Limiter. The VL- in the
actual IP-28 is identical to the VL of our simplified IP-28.

VOLTAGE REFERENCE SUPPLY (Vref)

The voltage reference supply in Fig. 9 is an augmented
version of the one in Fig. 5. T2, D3, C1, R and D4 form a
half-wave rectifier, filter and zener diode regulator which
you’ll recognize to be identical to the reference supply of
the simplified IP-28. The other components D5, R5, R6, and
C2 form an additional zener diode regulator which has been
cascaded with the first one.

Perhaps you are wondering why it is necessary to place
a regulator after a regulator. The reason for this is that
the reference voltage source must be very very stable, since
the output of the power supply can be no more accurate than
its reference voltage. If the reference voltage shifts, so
will the output voltage.

Now, the output fluctuation amplitude of a zener diode
regulator 1is at best about 1% of the fluctuation amplitude
at its input. If that is so, a second zener regulator
cascaded with the first will yield a fluctuation amplitude
that is 1% of 1% of the primary input fluctuations. Such a
figure (.01%) 1is necessary for a reasonable reference
voltage source and this is the reason for the added
complexity of the actual reference supply.

CURRENT LIMITER (CL)

There is an additional function added in the real 1P-28
which has not been covered by our previous discussion and
which has not been included in the simplified version. That
function 1is a protective one. Since it is possible (by
short-circuit or suddenly lowered load resistance) to draw
excessive currents from the supply that would be damaging to
either the supply itself or to the circuits which it powers,
some means must be included to limit the current to a safe
value.
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6, R13, R14, and K15 form the additional module which
does the current limiting. Notice that the load current
passes through R12, R14, and R15 which have relatively low
resistance and that the voltage drop across these three
resistors 1is placed directly across the base-emitter
junction of Q6. Clearly, this voltage drop will rise as the
load current rises. As long as this drop does not reach the
value of base-emitter voltage required to "turn on" Q6, the
latter remains éffectively out of the circuit. However,
when the output current of the power supply reaches a
certain value, the volitage drop becomes high enough to drive
Q6 into ar active state and collector current begins to flow
from the c.rrent source into the load.

Since the current source delivers a constant current,
there 1is less available to drive the regulating element and
the power supply shuts down, i.e. refuses to deliver any
more current. We should mention that when this happens, the
power supply undergoes a transition to a different mode of
operation. The main feedback element is now the chain of
resistors across the base-emitter of Q6, and it senses
output current instead of output voltage. 1In effect, the
power supply has shifted mode and instead of operating as a
voltage source, it now cperates as a current source (though
not a very accurate one). It is well worth your time to
study this transition using the experimental facilities of
SOPHIE.

OUTPUT FILTER (OPF)

The last module is the easiest to describe since it has
only two components, a very small series resistor (R16), and
a large capacitor (C5) across the output of the supply.
This module 1is the output filter (OPF) and as such it has,

strictly speaking, an "AC" function. We won't talk very
much about this AC function, because we .are primarily
interested in the DC. behavior of the supply. However,

please keep 1in mind that faults of the OPF have serious
consequences for the DC operation of the supply and this is
why it has been included in the functional diagram.

. We have now covered all seven of the functional modules
(bcs, c¢cS, DA, VL, CL, OPF and VREF) into which the IP-28
has bheen decompcsed. Such a decomposition greatly
facilitates troubleshooting of the supply. You will soon
have lots of practice 1in thinking 1in terms of these
functional modules when trying to find a fault in the

instrument.
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CONTROLS

You have probably noticed that we have not yet
discussed or introduced a way of adjusting the output
voltage, or changing the current at which the supply limits,
or of changing ranges of operations. This is best done now,
at a point where, hopefully, you have a good grasp of the
role of each module in the operation of the supply as a
whole.

The Voltage Control (VC) and Voltage Range Switch

Yocu have already seen that the regulator functions by
adjusting the value of output voltage to equal (within a
Small constant due to the input junction drops of the VL)
the voltage of the reference supply VREF. Clearly if VREF
changed, so would the output voltage of the supply. Thus,
varying the output of VREF is one way of varying the output
voltage. It is easy to do this by connecting a
potentiometer across the output of the reference supply and
"picking" of values of reference voltage from its sliding
arm. You can see this in Fig. 8. Note that the VC is shown
as set to a position resulting in maximum output wvoltage.
Gross changes in output are made by a switch (VR) which
changes the value of a dropping resistance in the reference
supply by shorting out one of that resistance's component
resistors. This switch is not shown in Fig. 8, but can be
Seen in the schematic in the vicinity of RS and R6.

Current Control (CC) and Current Range Switeh (CR)

The value of output current at which the CL begins to
limit is determined by a string of three resistors through
which the output current flows. These three resistors R13,
R14, and R15 are connected across the base-emitter junction
of the CL transistor Q6. As you already know when the
voltage dror across these resistors reaches the turn-on
voltage of this base-emitter Junction, the CL begins to
conduct and "robs" the DA of its input current thus limiting
the output current of the supply. If these resistances - are
large, the turn on voltage is reached at low curr=nts, while
if they are low, the turn on voltage cannot be reached until
fFreater amounts of current flow. A simple way to adjust the
current 1limit is then to make these resistances variable;
and 3s you can see from the schematic, the CC is just a
variable resistance, while the CK is a switech which shorts
out one of the resistors in its "high" range.
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APPENDIX C  Pre- .nd Post-Tests for One-Day Experiment
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QUIZ Vv

Name:

Please 1look ovér this quiz before starting. You have

30 minutes to do 5 problems. If you do not know an answer,
Just indicate that you don't know and g0 on. Please do not
guess. After trying each problem, you may wish to go back

and reconsider those problems which caused you difficulty.
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- VI -

In the following circuit, Diode D has been found to be bad.
But when it is replaced, it blows again. Please rate the
likelihood that each of the listed components 1s also faulted,

bearing in mind this symptom.

Rz Ry
—— MN—p— VWV - O+
1K 1K
~—50putd 50ufd
==¢, Nz = S
ouTPU1
4 4 I8 o-
Could be Possible fault, Could not Don't
Component at fault but unlikely be at fault know
T () ) () ().
R1 () () () ()
R2 () () () ()
R3 () () () ()
n () () () ()
¢l () () () ()
c2 () () () ()
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- V2 -

Consider the following IP-28 Power Supply which has the indicated
symptoms. Which functional blocks .could not be faulted? Which
vones could be faulted? What fault in each block might account

for the observed symptoms?

CURRENT THROUGH

LOAD HIGH
+ N DARLINGTON AMP N8 cuazﬂ'rj mesp.:n 0#"_':‘!'; Can 4
(0a) L (CL)T-(__Y l
J (0PF)
CONSTANT) t~ VOLTAGE +| voLrace
o¢ CURRENT LINITER ve "E:gg-
SOURCE SOURCE Nep— NI3 - PPLY | $250n
- (vL) _ b
ccn) | (VREF) 6‘
‘f"” — T
SETTINGS
VR=HIGH CR=HIGH
VC=1.0 C=1.0
LOAD=05Q
Not Could be

Block Faulted Faulted Possible Fault
DCS .~ () ()
ccs () ()
DARL () ()
VL () )
CL LT )
OPF..~" () ()
Vref () ()
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- V3_‘_

Consider the following IP-28 Power Supply which has the indicated
symptoms. Which functional blocks could not be faulted? Which
ones could be faulted? What fault in each block might account

for the observed symptoms?

VOLTAGE OK\ QUTPUT VOLTAGE
ouTeyr | TOO LOW
+ N DARLINGTON AMP NS CURRENT LIM::IER FILTER N +
muﬁK>li wu[f
¥ J woer) T
CONSTANT VOLTAGE 4] VOLTAGE
oc CURRENT LIMITER N3 ve [ Enee
SOURCE souRce | Nt P X o3 |suPPLY | $w
(VL) ZERO CURRENT L 5
VREF A
(ccs) VREF) J1p
(X's) — NO , NO —
SETTINGS

VR=HIGH CR=HIGH
VC=1.0 CC=1.0

LOAD=1K
Not Could be
Block Faulted Faulted Possible Fault
DCS () ()
CcCsS () ()
DARL () ()
VL, () () S
CL () () e
OPF () () e
Vref () () e
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- V4 -

Given the measurements shown for the IP-28 circuit below, make

as many reasonable hypotheses as you can about what component

might be faulted. Make sure each hypothesis accounts for each

A3

of the symptomé iﬁ*ﬁhe instrument. For each hypothesis, please

say what would be wrong witb the part (shorted, emitter open,

\\
value too large, etc.).
Y . “CuRRENT 'cumnv.’_ N “voLtaGe
NODE NUMBERS Ew{:&_ %:;glv- <. RANGE SWITCH ’.\., .—‘nmc: SWITCH
A Boa * 0w 8wy
@ o 20 S DN Y AL oPF a0 B 28
T . YRR T RN D MY
"‘L e l:a:n ;" o «:oc’m :n g .c’nlsl.'l . i \e_i-..nl':u.agn n:o'on u?;'z’m o
@ . Tl o= ] Y
I 3 0" 30001 nq_l’g‘; o __'.:6%‘;
DA cL wrage Sant" T T "
CONTROL
or
¢ |le 4 14
;E‘ﬁ“:@u o 0}6’;’]
~ z & o N3 14 VREF
2 %onccs L VL V ACRO3S 04 + 38V
H
2 bes 2
O)
OUTRRT . QUTPUT VOLTAGE  28v
§§ITINGS
VR=HIGH CR=HIGH
VvC=1.0 CC=1.0
[LOAD=1K
Possible component “Fault mode
Fault L (CB short, leaky, etc.)
Hl: .
H2:
H3: —_ -
H4:
H5: -
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- V5 -

Given the measurements shown for the IP-28 circuit below, make
as many reasonable hxpotheses as you can about what component
mi,ht be faulted. Make sure each hypothesis accounts for each

of the symptoms in the instrument. For each hypothesis, please

say what would be wrong with the part (shorted, emitter open,

value too large, etc.).

OUTPUT OF DCS »30V /lc Q60

° CURRENT oy cunnent VOLTAGE
CONTROL" L e e < RANGE SwiTCH < MANOL SWITCH
14 -1 sov a0V
igabl g 4 e U] all n
AR
*
[ 1t] e
$h T
> ‘? 0V
DA eL . g
ekl «
$50r @T o ¥
— vi
/ 1
Q
405-0 M
outeyt
SETTINGS

VR=HIGH CR=HIGH
VvC=1.0 CC=1.C
LOAD=1K

Possible component ' Fault mode
Fault (CB short, leaky, etc.)

Hl:

He:

H3:

Hb:

H5:
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QUIZ W

Name:

Please look over this quiz before starting. You have

30 minutes to do § problems. Ir jou do not know an answer,
Just indicate that you don't know and go on. Please do not
guess. After trying each problem, you mé& wish to go back

and reconsider those problems which céused you difficulty.

"'(:],‘:-‘”A',' .
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- W1 -

In the following circuit, Zener diode Z has been found to
be bad. But when it 1is replaced, it blows again. Please rate
the likelihood that each of the listed components is also

faulted, bearing in mind this symptom.

D R, R, R

3
v NN P——ANN O +
1K T 1K 1K ‘447
1 _soutd rjy’ L _soutd
T ',_c"‘ z ,-~C2"
OUTPUT
—3 4 & o-
Could be Possible fault, - Could not Don't
Component at fault but unlikely be at fault know
T () () () ()
R1 () ' () () ()
R2 () () () ()
R3 ' () () () ()
D () () () ()
Cl1 () () () ()
c2 () () () ()
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- W2 -

-
i

Consider the following IP-28 Power Supply which has the indicated
symptoms. Which functional blocks could not be faulted? Which
ones could be faulted? What fault in each block might account

for the observed symptoms?

VOLTAGE AT

N4 1S LOW. — OQUTPUT YOLTAGE
+ -m ] DARLNGTON AMP| cmxc_gcnutngn ')’\:If | m;.ow-ﬂ
(Oa) ?l (CL)[{ I [
[y o ! wer) T
CONSTANT| VOLTAGE + ""g"-;"“f
oc CURRENT . LIMITER N3 vcl ENCE
SOURCE SOURCE M Fad N UPPLY i"‘
(VL) - b
icce A ' tveer) § 18
(ocs) — —=°
:D:IENT OUTJ ne
CCS IS On
_ SETTINGS
; VR=HIGH CR=HIGH
VC=1.0 <CC=1.0
LOAD=1K
Not Could be
Block Faulted Faulted Possible Fault
DCS () () —
ccs () ()
DARL () ( )
vi, ) ()
CL () ()
OPF () ()
Vref |, () ()
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- W3 -

Consider the following TP-28 Power Supply which has the indicated
symptoms. Which functional blocks could not be faulted? Which
ones could be faulted? What fault in each block might acccunt

for the observed symptoms?

OUTPUT VOLTAGE

OoPpOr x

OUTPUT TOO HIGH —
+ W OARLINGTON AMP| . [CURRENT LIMITER TR N+ 4
(DA) g (CL)[{ v [
] 1
1#7, toer) T
CONSTANT VOLTAGE H ROFER
oc CURRENT LIMITER ve || Ence
SOUPCE SOURCE e = - NI3 o3 |suppLy |3
= S— o |
- Teess | ' T - vrer)
(ocs) —% o —O
SETTINGS

VR=HIGH CR=HIGH
VC=1.0 CC=1.0

LOAD=1K
Not Could be
Block Faulted Faulted Posslible Fault
DCS () ()
CCS () ()
DARL () ()
VL () ()
CL () ()
OPF () ()
Vref () ()
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Given the measurements shown for the IP-28 circuit below, make

as many reasionable hypotheses as you can about what component

might be faulted.

Make sure each hypothesis accounts for each

of the symptoms in the instrument. For each hypothesis, please

say what would be wrong with the part (shorted, eﬁiiteﬁ open,

value too large, etc.).

CURRENT “CURRENT * VOLTAGE
TCURRENT ' CONTROL < MANGE SwiTcH® RANGE SWITCH®
CONTROL® | TRIMPOT

0V AWV

2
— A= AN
We

M

PAPT

Iia
oo

3N
¢ 300nces

VREF

A\
7

Pos:ible component
Fault

Hl:

1
,_)‘\ouwur CURRENT « 12 AMPS
- -*

oursuY

on

SETTINGS
VR=HIGH CR=HIGH
VC=1.0 CC=1.0
LOAD=104Q

Fault mode
(CB short, leaky, etc.)

HZ:

H3:

Hu:

H5:
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Glven the measurements shown for the IP-28 circuit below, make
as many reasonable hypotheses as you can about what component
might be faulted. Make sure each hypothesis accounts for each
of the symptoms in the instrument. For each hypothesis, please
say what would be wrong with the part (shorted, emitteﬁ open,

value too large, etc.).

DCS OUTPUT = O YOLTS - “CURRENT “CURRENT ° VOL TAGE

"CURRENT  CONTROL | <« RANGE SWITCH™ \nnct SwitcH®
NOOE NUMBERS CONTAOL® _ TRIMPOT . tHow ron sy
TN | D [eidl s : gl uoF]
s L. @ IR I XY
Q [y :»‘o‘n_ 2 ﬂé’ m’-
3 » i »:v;n argl
" oal - T Quase -v.H )
;:ﬂ;n Q B Q} " *
LN . .o.a;! _t,f .
EE ::ooxl cCcs ::i‘w' v ‘jm‘u
=]
-wwx: QUTPUTe U vOLTS
SETTINGS.
VR=HIGH CR=HIGH
VC=1.0 CC=1.0
LOAD=1K
Possible component Fault mode
Fault (CB short, leaky, etc.)

H1l:
H2:
H3:
Hu:
H5:
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