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ABSTRACT:  This manuscript reports the threshold concepts identified over a two-year study in
early circuits and electronics courses. Some novel methods have been used to improve confidence in
the identification process. We also identify some concepts, potentially threshold, that ought to have
been mastered in high-school physics courses but that are often absent from student repertoires.
Weak understanding of these underlying concepts may be a confusing factor for researchers in their
search for threshold concepts as well as an additional source of trouble for students of electronics.
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1 INTRODUCTION

To students, threshold concepts (TCs) (Cousin, 2006)
are abnormally troublesome to learn. To practitioners
their importance lies in the transformation in the
“ways of thinking and practising” of the learner as
Davies (2006) put it, what we engineers might call
acquiring the competencies of our profession. In TC
parlance the concepts are said to “be transformative”,
to possess the power to change the learner’s very way
of thinking. Meyer (2010) asserted that concepts do
not present in a continuum, but fall all-or-nothing
into being “threshold” or not. Being both the
hardest to learn and the most influential to “identity
and ways of thinking” among the ideas within a
discipline, it would seem important to both learners
and teachers to identify TCs. Once identified, effort
can be concentrated on them, and the inordinate
learning difficulty anticipated and addressed. The
identification proves to be difficult for various
reasons (Davies, 2006).

In this manuscript we put forward the small catalogue
of concepts we believe to be central to undergraduate
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analogue electronics, and to be threshold. They were
identified in the first place by working with students
and observing where they reported difficulty, or
had learning troubles exposed through assessment.
Later each was evaluated against the five attributes
of Meyer & Land (2003). Debate between electrical
engineering (EE) educators and instances from
the literature have added weight to our selection.
Rountree & Rountree (2009) favoured the search for
“the ways in which practitioners in related disciplines
solve similar problems” offered by Davies (2006) to
identify TCs, and we will go even further than this.
This manuscript puts our catalogue of postulated
TCs up for debate, presents some novel approaches
that we are using to identify TCs, and presents some
provocative suggestions regarding irreversibility and
integration of TCs.

2 POSTULATED THRESHOLD CONCEPTS

We commence by describing the concepts we would
offer as TCs, in no particular order, and without
attempting to justify the selection. This is to ensure
clarity in identification and terminology.

Thévenin’s theorem/modelling. Thévenin’s theorem is
the first example of circuit modelling that students
encounter in electronics and circuit theory. It causes
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learners an inordinate amount of trouble. It is not
Thévenin: any model would present the difficulty.

Dynamic resistance/linear approximation. The idea that
quantities can have an “AC value” as well as a “DC
value” appears first and foremost in electronics in
the replacement of something like a diode junction
with a resistor subject to the limitation of small
disturbances; its so-called “dynamic” or small-signal
resistance. The same phenomenon - a tangent as a
linear approximation of a curve in a local region —
appears as marginal cost in economics and the fof a
bipolar junction transistor, and ought to be familiar
from differential calculus, but the connection appears
seldom to be made.

Reactive power/phasors. Perhaps the most widely-
acknowledged TC in EE revolves around the complex
nature of impedance and its consequences. The idea
of complex electrical quantities is often encountered
first by students in the use of phasors. “Reactive
power” is a named example that appears commonly
in the literature concerning the intellectual effort of
applications involving complex quantities. Indeed, it
isanidea that continues to cause conceptual difficulty
even for experts (Willems, 2011). Like dynamic
resistance and the calculus of tangents, this concept
ought to come easily on top of complex numbers
in mathematics, but the leap is apparently not easy.

Feedback/operational amplification. The operational
amplifier (op-amp) is the “simplest” example of
feedback. Many practitioners realise that op-amps
cause learners a great deal of trouble, but the threshold
was there before the op-amp was common. We believe
it is the analysis of a circuit with feedback that links
the various instances associated with this difficulty.

Transdependence/dependent sources. Dependent sources
link V or I of one element with V or I of a separate
element. In transistors — “trans-resistors” — it is a
transconductance, g = 0i/0v, and students have
trouble coming to grips with this. We presume a
trans-anything would be equally troublesome.

A further three concepts — potentially threshold — give
trouble in early EE courses. We consider these to be
strictly not part of EE. They should be encountered
and understood in high-school physics courses. In
threshold-concept terminology we might say that
the students “never completed the liminal passage
to full understanding”, invoking the idea of a liminal
space, postulated to be that state of mind between

1 Simply because the learning of a concept gives trouble to
the learner does not necessarily indicate a threshold nature
for that concept. If a concept relies upon an earlier idea,
lack of understanding of that earlier idea alone can result in
trouble learning the new idea. For example, we believe that
Kirchoff’s laws are not TCs. However, if a student does not
already appreciate that charge is conserved, and that free
charges in a conductor are not compressible — the holistic
view of current flow below —and that current is rate of flow of
charge, Kirchoff’s laws will be difficult. We consider Kirchoff’s
laws to be nothing more than tools for attaching quantitative
equations to ideas of current flow.

encountering a new idea and coming to understand
and internalise it. It often falls to the engineering
educator to address these ideas as well.!

Holistic current flow. We use this name to encompass
the physical appreciation that current is charge
movement per unit time, that charge is conserved ina
conductor, and that, as far as low-frequency electronic
circuits are concerned, force of current is conveyed
instantly throughout a conductor. The holistic
appreciation that current flows “incompressibly”
through conductors escapes many students at high
school. They seem to think of it as more akin to a gas
or to traffic flowing along streets. They can typically
recite the rules, but simple circuit questions from a
concept exam expose a lack of true understanding.
The typical question involves a few light globes
wired to a battery. The student may show “localised
thinking” and conclude that a change in one part of
the circuit will have no effect upon branch currents
in a distant (“earlier”) part of the circuit (Mazur,
2009). This understanding should not be confused
with Kirchoff’s rules that simply apply mathematics
to obtain quantitative results.

Graph understanding. Some students seem unable
to draw even obvious conclusions from graphs,
and unable to grasp that a graph and a written
sentence are saying the same thing. They may have
difficulty reading data off a graph. For example,
knowing the load and supply seen by an active
component is equivalent to having the load line
plotted on the device characteristics, but students
have great difficulty transferring between the two
representations. As another example, students cannot
see why the switching of an ideal diode should
yield a plot of a vertical or near-vertical line in one
quadrant and horizontal in another quadrant.

3D to 2D mapping. This skill manifests itself in the
EE world in an ability to associate nodes on a circuit
diagram with conductors in a constructed circuit.
There is a kind of mapping between the physical
wires of the three-dimensional construction and
the lines on the two-dimensional circuit diagram.
This ability resembles that examined in aptitude
tests offered to students in the form of questions
asking students to say which of several images
represents the correct shadow that an object drawn
in perspective might cast.

3 COMPARISON AGAINST
ACCEPTED CRITERIA

The five EE-centric TCs above were initially
identified by observing students and listening to
their questions and fears — troublesome learning in
progress —and comparing notes with other lecturers.
We now examine the extent to which each satisfies
the four criteria offered by Meyer & Land (2003) in
addition to troublesomeness.
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3.1 Boundedness

TCs are said to be bounded, possessing what is
described as “terminal frontiers, bordering with
thresholds into new conceptual areas”, and “defining
academic territories” (Meyer & Land, 2003).
Boundedness is quite easily satisfied for most of our
candidate concepts. Thévenin’s model has a clear
boundary: it fails for non-linear or three-terminal
circuits. The semiconductor modelling community
exists because of these shortcomings. Reactive
power, and in particular the representation of it by
phasors, has a sharp, clear boundary: calculations
only hold for single-frequency, sine-wave excitation.
Change the frequency and the answers change
and the calculation must be redone. The analysis
oversimplifies if harmonics are present. Dynamic
resistance fails abruptly to be useful as signals
cease to be “small”. The very question of what is
small can only be answered once you understand
the concept. Feedback theory becomes irrelevant
the moment the circuit goes unstable. Much of an
expert’s effort in the field is dedicated to ensuring
this very stability, a fact not immediately obvious
from the basic theory. The op-amp only became a
common component once the burden of guaranteeing
stability was assumed by the op-amp designer in the
form of “unity-gain compensation”, a description
that can only be understood once feedback theory
is mastered. One can also observe a limitation when
stable: The open-loop op-amp transfer function is
very hard or impossible to characterise from closed-
loop measurements. Transdependence has limits that
are the least clear amongst our candidate concepts. It
has an effective limit in its application: It gives circuit
equations that are a jump up in complexity from the
case without them, yielding systems that are really
only practically solved by computer.”

3.2  Irreversibility

Irreversibility is hard to assess objectively. Everyone
seems to accept the example of riding a bicycle as
a skill that cannot be “unlearnt”. One senses no
degradation in the memory, but there is no guarantee
that this is not an illusion. How might we assess this
irreversibility? With regard to riding a bicycle, a test
would be to find subjects who had not ridden for a
long time, and ask them to ride bicycles.’

With regard to irreversibility, we chose to interview
people who have qualified as engineers but who
had long ago ceased to use their skills explicitly.
One would expect to find that ideas that cannot be
unlearnt will be retained better than other equally-
unused ideas. Such subjects are hard to find, and
at time of writing our sample space is nine people.
Most of the subjects are retired, some had changed
discipline from engineering to computing or finance.

We asked subjects about 17 ideas, including our
TCs, some concepts taught in EE courses that we

are reasonably sure are not threshold, and some
ideas from other disciplines. For each concept we
established that the subject recognised the idea,
typically that they “had once understood it” or
believed themselves to have understood it, but
that they had not had formal cause to consider or
apply it for at least 5 years.* When this was the case
we asked them to explain the idea, and assessed
whether it “came back” easily or at all. The results
have been fascinating. Subjects often claimed to fully
understand a concept, but then surprised us and
themselves by not being able to describe it to us.
Some eventually exposed themselves as having never
really understood the idea. To date we have seen no
evidence that our TCs are any more irreversible than
other concepts.

We suspect that irreversibility may be a derivative
property of transformativity. TCs are no more readily
remembered than other ideas, but they are frequently
used in a subject’s routine thinking, so transformed is
the subject by the immersion in his or her discipline,
that the memory is “dynamically refreshed”, in the
manner of DRAM. We will say more on this in the
section on that attribute below.

3.3 Integrativeness

Where an idea recurs in diverse threads, it will
necessarily open portals of understanding between
the threads, exposing “the previously hidden
interrelatedness” in the words of Meyer & Land
(2003). We will substantiate the integrative nature
of our postulated TCs by looking at examples of
them operating in distant arenas; and especially by
identifying them in utterly separate disciplines.

Thévenin’s theorem is used as a model for innumerable
things from a power station to an electric guitar, from
a flashlight battery to an MP3 player. Among EE
ideas it is one of the most widely employed of all
models. Rossouw et al (2010) found that modelling
is one of the most uniformly accepted “unifying
concept/themes” in engineering and technology.
However, it is easy to provide examples from
without engineering. Freud’s theory of the mind is

2 Many practitioners may be most familiar with the situation of
analysing the operation of a cascade of transistor amplifiers,
where we apply Miller’s Theorem and other techniques to
separate the input-side and output-side parts of the circuit
surrounding each transistor and so render the analysis
tractable and conceptually insightful (compared to being an
emergent property of involved mathematics).

3 We found colleagues who had not ridden for decades, and
indeed they were able to mount and ride in a matter of less
than 10 seconds, just to check.

4 We are careful to say here “formal cause” to employ the idea.
Itis entirely possible that irreversibility arises because TCs so
transform the practitioner’s thinking that they come to use
the idea implicitly in everyday life, and thus do not ever have
the chance to forget. For example, engineers seem to use the
idea of “latent heat of vaporisation” frequently in the kitchen,
because their “ways of thinking” have permanently pervaded
their culinary habits.

Australasian Journal of Engineering Education

Vol 18 No 1



4 “Identification of threshold concepts involved in early electronics: Some new ...” — Scott & Harlow

a (bounded) model of mental processes that brought
the concept to psychology. Bohr’s orbital model of
the atom is another example. Thévenin’s theorem, as
a model, is easy to establish as an integrating idea.

Dynamic resistance is a term generally limited to the
context of active devices in electronics. However,
the concept is in wide use by other names in other
disciplines.” The dynamic resistance of a device is
simply the circuit-theory manifestation of using the
tangent of a curve as alocal, linear approximation of a
non-linear function. It appears to a non-linear control
engineer as the response to small disturbances, and to
amechanical engineer a linear approximation of a non-
linear stress-strain relationship. To a radio frequency
engineer it appears as S-parameters. To an economist
itappears in marginal cost.® In all cases it links into the
world of linear approximation of non-linear functions.

Reactive power appears in many unexpected places,
indeed it was taken fully-formed from mathematics.
Recall that it arises as a way of dealing with
differential relationships in the context of periodic
excitation: To deal with capacitors and inductors
whose voltage and current are related by differential
equations the practitioner restricts herself to sine-
wave excitation and uses complex numbers. In other
words, differential equations become linearly soluble
in C one frequency at a time. Communications
engineers describe the complex modulation that has
enabled modern cell-phones and advanced radar
with a similar complex mathematics. Invocation of
phase in addition to magnitude completes knowledge
of reflection coefficients dealing with transmission
lines in acoustics and microwave engineering. One
can (not so frivolously) reflect that in science fiction
the idea has been invoked to explain phenomena that
we currently believe impossible: in Star Trek matter
disappears when it “goes out of phase”, and a device
that achieves this was originally called a “phaser”.

Feedback occurs everywhere. Before cruise control
in cars the driver regulated vehicle speed, a form of

5 Dynamic resistance has other names within electronics. It is
sometimes referred to as “AC resistance” or “small-signal
resistance”.

6 Asan aside, we have discovered that use of examples taken
from other disciplines can be powerful in helping students
realise the difficulty and depth of TCs. A favourite way of
helping students to get their heads around dynamic resistance
involves asking an equivalent question around marginal cost.
We ask the students to work out the cost of a chocolate bar if
10 are bought for $10, then if 20 are bought for $15. In the latter
case the answer will be 75¢ instead of $1. Then we point out
that the first 10 bars cost $10, but the second 10 bars cost only
an extra $5, so surely the last bar cost 50c not 75c. Which is
right? It depends, of course, but so also does the resistance of
something not linear in the relationship of voltage and current.

7 There is an argument that it is simply another instance of
modelling, but applied to a three-terminal (or more) network
instead of a two-terminal one. We include it separately because
there seems to be something freshly confusing to students at
its introduction, and we do not accept that it is troublesome
purely because the hidden connection must be modelled to
be visualised.

feedback. An archer improving aim on subsequent
shots applies feedback in a sampled system. From
horse-riders to pilots, people master the art of steering
a system through strange motions, feeding back their
perception of their course to the motions to minimise
the error between present and desired position and
speed. You use feedback to hold your hand still or
to eat without spilling. A teacher uses feedback to
help students improve their work or self-esteem. The
applicability of feedback is enormously widespread,
so once mastered it is strongly integrative.

Transdependence is present in the models of all active
devices from vacuum tubes to heterojunction bipolar
transistors. It is, in essence, remote control, or the
apparent connection of two phenomena that could
be expected to be disconnected. Viewed this way; it
is a wormhole or the Klein bottle to a topologist, the
prestige of a trick to a magician, or perhaps even akin
to indirection to a computer scientist. The concept
has a universal applicability.”

3.4  Transformativity

Various methods have been applied to gauge the
transformativity of concepts. Davies & Mangan (2005)
looked at concepts historically featured in exams.
They also looked for naiveté in qualitative student
responses compared with expert’s responses around
candidate concepts, associating gradual liminal
passage away from naiveté with the transformation.
Atherton et al (2008) suggested that practitioners
of “hard disciplines” such as engineering identify
TCs through introspection with greater ease and
consistency than softer disciplines. Davies (2006)
concentrated on the transformative aspect of TCs.
He seemed sceptical of taking a consensus approach,
even with expert teachers, but in the end he offered
mostly introspective solutions. How can we say that
an understanding of reactive power (or some other
candidate concept) has changed another person’s
way of thinking? Introspection is the main option
simply because few of us has close enough a view of
another individual throughout the transformation.
Kiley (2009) offered perhaps the best opportunity
to identify TCs through the relationship between
doctoral candidates and their supervisors that lasts
3-5 years and involves a close working situation.
Most researchers settle for the view over a single
course, typically a semester.

The literature portrays transformative discipline
ideas as those that give rise to characteristic ways
of thinking. We suggest that if this is the case,
they will be used by practitioners in disparate
situations, because to be transformative they must
be powerful. Out-of-context applications can
pinpoint deeply-influential concepts. For example,
experts tend to betray their professions in “dinner
party conversations” through their use of their
“ways of thinking” and listeners can identify new
acquaintances across a dinner table as psychiatrists,
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economists, engineers, or whatever, simply from
the way they respond to provocative problems by
applying their characteristic “ways of thinking”,
or concepts and associated specialist language
stereotypical of their community of expertise. Part of
the appeal of entertainment programs such as “The
Big Bang Theory” is the appearance of profession-
related mental approaches out of context in social
situations. Sadly, it would take a long time to identify
TCs using these methods, but we can provide
examples where the essence of our TCs appears
in other disciplines or in stereotypical behaviours.
(Space does not permit our full set of examples.)

In the case of Thévenin/modelling, we have cited
“foreign” examples such as Freud’s models of the
mind or Bohr’s atom. These transformed their
entire disciplines. Rossouw et al (2010) would have
modelling taught as a mental skill or attribute to
educate technologists, in effect building in the way
of thinking first and applying it later. At the other
end of the scale, modelling is used to explain hygiene
to children with germs as small creatures, or in a
simplified block diagram of the components of a
home theatre system. These are ways of thinking
about or explaining phenomena of everyday life.

Regarding dynamic resistance, there is a pervasive
desire to use linear approximation: virtually all
disciplines have their “linear approximations”. The
water requirements of plants are a subtle function of
sunlight, temperature, wind and humidity, but if a
gardener is asked, he will say that 20% more sunlight
might demand 20% more water. It is a way of thinking,
a common line of intellectual attack on any problem.
There is a pull to use it even where instruction
indicates that it is both wrong and risky: if one dose
of medicine improves a condition, the implication is
that double the dose will double the benefit.

Feedback is tacitly employed widely. So transformed
is the professional’s mindset that there seems to be
no part of daily life where the lessons of feedback
are forgotten. When the engineer uses a new toaster,
she starts with the control low, and adjusts based on
the colour of the toast “samples”. The doctor might
see the shake in a person’s out-held hand as loop
instability, and the engineer sees caffeine as increasing
gain and likely to worsen the shake. Anyone might
tell you that you are more likely to spill a cup of water
that you are carrying if you look directly at it, but
the engineer adds to the conversation “because your
response time to perceived movement of the liquid is
of the same order as the natural time constant of the
water in the cup”, and many an engineering listener
will not think the comment unusual.

Reactive power, or at least the appreciation of phase,
is as pervasive as feedback. The idea can be used as
a communication shortcut. For example, suffering
from jet lag and wanting to wake up at night and go
to sleep in the day is succinctly described as having
your “body clock out of phase with your wristwatch”.

Transdependence is more difficult with respect to
transformativity. Consider that hygiene or sterility is
suggested as a TC in nursing (Atherton et al, 2008).
This seems ludicrous at first, for most of us have had
the idea of something being “dirty” and not to be
eaten or exposed to our bodies once it has touched the
ground, from a very young age. This was not always
the case, and remains not the case in some cultures.
Could it be that the underlying remote-control action
embodied by transconductance, once amazing, is
taken for granted in this age of infrared cordless
and wirelessly-connected world? Once people were
amazed that the flicking of a switch could conjure
light, yet today we barely react when pictures appear
on our iPads through the aether. We are transformed
in our thinking at so young an age, and so universally,
that the transformation goes unremarked. To see the
transformation wrought by an understanding and
acceptance of transdependence requires comparing
people’s thinking now with the thinking of a century
or more ago.

4 QUANTITATIVE IDENTIFICATION

We have started investigating two potential
quantitative indicators. The first is the double-
peaked characteristic that one often sees in the grade
distribution. Scott et al (2010) showed results that
suggested that a bimodal grade distribution will
appear in assessment involving a single TC. Alarger-
scale study is planned for 2012.

The second indicator involves topological metrics
applied to concept maps constructed around the
discipline. Concept maps are a structured way of
representing a series of statements about ideas in a
discipline in the form of a network graph (Novak
& Gowin, 1984). Two concepts (nodes) are linked
through an action or dependency. For example,
“dynamic resistance depends upon operating point”
would create a link between the concepts of dynamic
resistance and operating point. The analysis of
networks has become an area of intense interest in the
last decade or so, with many characterisation metrics
available that can be readily applied to a connected
network graph (Cui et al, 2010). We suggest that the
degree (of connectedness) of nodes associated with
TCs will differ from that of non-threshold ones. The
reasoning is that the map will evidence the integrative
property of the TCs as an increased number of edges
or links to those particular nodes. The analysis could
resemble the assessments of connectedness after the
fashion of the well-known Erd6s and Bacon numbers
familiar to mathematicians and film buffs. The
problem is that topological metrics are meaningful
only when applied to large networks. Constructing
a concept map that is large enough for the metrics
to reflect the integrative nature of some concepts is
proving to be a challenge. Some initial work has been
reported by Jaffer et al (2012).
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5 CORRELATION WITH EXISTING
CONCEPT CATALOGUES

The idea of a “concept inventory” was introduced
20 years ago by Hestenes et al (1991), in the area of
physics, with the Force Concept Inventory. Anumber
of such inventories have appeared in disciplines
ranging from thermodynamics to chemistry (Evans
et al, 2003). These inventories typically lead to an
assessment tool designed to assess understanding;
in TC terminology one might say to assess that the
user has passed through the portal with respect to
each of a series of concepts considered important to
the discipline. The Foundation Coalition project has
been associated with a number of the tools (Corleto
et al, 1996). Some are developed and maintained
more effectively than others. For example, the Signals
and Systems Concept Inventory, associated with a
25-question tool, is well researched and identifies
the concepts it tests very explicitly (Wage et al, 2005)

Simoni et al (2004) reported on an Electronics
Concept Inventory. In an attempt to see if our
ideas of TCs correlate with the concepts considered
important by the contributors to the index, we
obtained the exam of Simoni et al (2004) and looked
for the appearance of our concepts. The Electronics
Concept Inventory does not address reactive power
(it is usually considered to be “circuit theory” rather
than electronics), but it does use Thévenin’s theorem
and the equivalence of Thévenin’s equivalent circuit
as a model, the transaction of dependent sources,
the action of op-amp circuits. It implicitly assumes a
knowledge of dynamic resistance, and of its change
with operating point of a non-linear element. It also
implicitly requires an ability to discern the action of
a circuit from graphs. We consider the Electronics
Concept Inventory to endorse the importance of
four of our five concepts, while eschewing comment
upon the fifth.

We looked into the Electric Circuits Inventory of
Ogunfunmi & Rahman (2010). This inventory was
limited to DC circuits, and so did not extend to
reactive power and could shed no light.

6 SUMMARY AND CONCLUSIONS

If the threshold nature of certain concepts is to be
used to refine or revolutionise curricula, we need to
identify the concepts. This paper proposes that there
are five TCs in early analogue electronics. We identify
these concepts. In the justification of this selection
we present some new approaches and thinking. We
suggest that irreversibility may be no more than a
derivative of a basic attribute, rather than a basic
attribute in its own right (as perhaps is discursivity).
We also observe that our postulated TCs can be
discerned in other disciplines, often far removed from
engineering. This raises the possibility that TCs may
be so integrative because they run across disciplines.
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