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Use of AVOW diagrams to represent electric circuits was explained in
part 1. This article shows how they can be used to explore complex
circuits and to reveal students’ learning problems.

In part 1 we described new representations of the
electric circuit using box and AVOW diagrams
(Shipstone and Cheng, 2001). We showed how these
might be employed to support teaching of basic dc
circuit theory and in the solution of problems
involving networks of resistors. In this article we
describe some more advanced uses of AVOW
diagrams. We also explain how they may be used to
challenge alternative conceptions and support the
development of students’ understanding of electricity.

Using AVOW diagrams to solve
graphical problems

We shall demonstrate this with the problem posed in
Figure 1.

ABSTRACT

Part 1 of this pair of articles described how box
and AVOW diagrams can be used to represent
electric circuits if their loads are made up of
networks of resistors. In this article the
techniques are extended. The diagrams are
used in conjunction with V—/ graphs to examine
the behaviour of circuits which include non-
ohmic devices or sources with internal
resistance. The interpretation or prediction of the
effects of changes in circuits is also considered.
This usually provokes students into displaying
localised reasoning. Discussion in terms of
AVOW diagrams makes students’ reasoning
transparent, both to their teachers and to
themselves, and challenges weaknesses in their
understanding. The application of AVOW
diagrams to a number of other ‘problem circuits’
is outlined.

The circuit (a) shows a
diode in series with a
variable resistor and
connected to a 3 V battery.
The graph (b) is the V-/
characteristic of the diode.

b Vivolt

(i) What is the resistance of the diode when the
pd across itis 1.2 V?

(i) What value of the resistor, R, would result in
this pd across the diode?

(iii) What will be the current through the diode
when R is set at 150 Q?

Figure 1 A problem involving a non-ohmic circuit
component — the diode: (a) the circuit; (b) the
diode’s V~/ ‘characteristic’.
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Figure 2 (a) An ‘open book’ AVOW diagram representing the circuit in Figure 1a. (b) The ‘right-hand page’ of
the AVOW diagram superimposed on the diode characteristic.

Following the procedures described in part 1, we
can represent the circuit in Figure la by an AVOW
diagram of ‘open book’ form as shown in Figure 2a.
As before, the left-hand ‘page’ represents the battery
and the right-hand ‘page’ the load, in this case com-
prising the variable resistor and the diode. For this
particular problem, however, we do not need to con-
sider the left-hand page further. The height of each
box represents the pd across the corresponding circuit
component while the width represents the current in
1t

Parts (i) and (ii) of the question may be answered
very simply by interpreting the V-/ characteristic of
the diode in terms of AVOW boxes. The AVOW
diagram for the load, that is the right-hand page, may
be superimposed on the V-/ graph as shown in Figure
2b, giving the box that represents the diode a height
of 1.2 V. The resistance of the diode is then given by
the slope of the diagonal of the lower box as

1.2 V/18 xi10=A=66.7-Q
and the corresponding value of R is

1.8 V/18 x 10° A =100 Q

Part (iii) is inherently more difficult and we would
not expect most A-level students to be able to solve
this by traditional methods. The solution by AVOW
diagram is achieved by fitting boxes to the
characteristic to represent the load, as shown in Figure
3. The 150 W resistor is the upper part of the load in
the circuit and, as was the case in Figure 2, forms the
upper part of the box diagram for the load. An AVOW
box for the 150 W resistor is therefore added to the
graph with its top edge at 3.0 V, the only fixed point
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that we have for this box. Initially, in this instance,
the box has been drawn 1.5 V high by 10 mA wide,
for convenience. Since the current through the load
will be continuous the box representing the diode has
also been drawn 10 mA wide. The resulting diagram,
however, is not the complete rectangle that is required
and both boxes must be expanded to produce this.
Box D must expand in such a way that its top right-
hand corner follows the characteristic. At the same
time, the 150 W box must expand downwards in the
direction shown by the arrow, that is, without altering
its shape. The solution to the problem is given by the
point at which the boxes meet, still equal in width,
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Figure 3 Fitting AVOW boxes representing the
diode and the variable resistor to the diode
characteristic.
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Figure 4 An AVOW representation of a battery with internal resistance.

which is where the 150 W box touches the character-
istic. The width of the boxes then gives the desired
current, 13 mA, directly. In practice, of course, it is
possible to find the solution by drawing only the
AVOW box for the resistor.

A traditional graphical solution would entail
adding a straight-line graph to the characteristic,
showing how the pd applied across the diode varies
with the current through the resistor. That graph would
coincide with the arrow shown in Figure 3. Although
the two alternative solutions have elements in
common, the traditional approach is quite abstract.
In contrast, the solution by AVOW diagram carries
the rationale for the procedure with it and is much
more concrete. Box diagrams provide not only a novel
way of representing the electric circuit but also a new
way of looking at V—/ graphs.

AVOW diagrams and internal
resistance

In all of the examples discussed in part 1 the cells or
batteries were treated as ideal, with no internal
resistance. Such sources are represented on the left-
hand pages of ‘open book’ AVOW diagrams by empty
boxes as in Figure 2a. Any current through a real cell,
however, results in a reduction of the pd measured

a

L I lost volts, I

R

terminal pd,V

between its terminals because of the cell’s internal
resistance; there are ‘lost volts’. For real cells, there-
fore, AVOW diagrams become more complex. There
are, in fact, two possible representations of the
complete circuit which we need to consider.

The real battery with internal resistance r in the
circuit diagram of Figure 4 could be represented by
the accompanying AVOW diagram. In this case,
however, only the power shown by the area of the
clear box (of height V) goes to the load, while the
remainder is dissipated in the internal resistance. The
total power supplied by the battery is represented,
though much less clearly, by the area of the divided
box of height E, where E is the emf of the battery.

This representation leads to an AVOW diagram
for the full circuit as shown in Figure 5a. However,
we have found it preferable, in practice, to emphasise
that the internal resistance is part of the load on the
battery by representing the circuit as in Figure Sb.
Combining the separate resistances of the circuit in
the AVOW diagram of the load on the right preserves
the balanced ‘open book” representation of the circuit
with which students will have become familiar. It also
displays the power source and power sinks of the
circuit much more clearly and makes it much easier
to explore the consequences of varying R, as will be
demonstrated shortly.
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Figure 5 Equivalent AVOW diagrams for a circuit where the battery has internal resistance.
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The familiar graph of terminal pd, V, against
current, /, for a battery with internal resistance is
shown in Figure 6a. As the load resistance, R, is
reduced, the current in the circuit increases and the
pd, V, between the terminals of the battery decreases,
becoming zero when it is short-circuited. At this point
the current is the maximum that the battery is able to
provide. In Figures 6b—d we have developed the basic
graph to show how output power varies as current
increases. Superimposed on each graph are the AVOW
boxes representing the load and the internal resistance,
which have been derived from the graph directly.
Comparison of the sizes of corresponding boxes in
diagrams 6b—d demonstrates how the power wasted
in the internal resistance increases continually as the
current in the circuit is increased. The power delivered
to the load, in contrast, increases from zero and
reaches a maximum value when the load resistance is
equal, or ‘matched’, to the internal resistance of the
battery. As current increases further the power to the
load then decreases, becoming zero again when the
battery is short-circuited, at which point all of the
power supplied is dissipated in the internal resistance.

The value of the internal resistance of the battery
is usually deduced from the negative gradient of the
straight-line graph (6a). Its value might also be
deduced, directly, from any of the diagrams 6b—d
where, in each case, it is represented by the gradient
of the diagonal of the upper box.

Learning problems with
potential dividers

Connecting two or more resistors in series produces
a potential divider and the use of these combinations
is commonplace, particularly in electronic circuits
where they are used to fix the values of potential differ-
ences across other circuit components. The calculation
of the separate potential differences across a series of
fixed resistors is not a difficult matter. The slidewire
potentiometer illustrated in Figure 7a is one practical
form of potential divider for which the output voltage
may be varied. Provided that any load resistance
connected across the output terminals is very much
larger than R, then the current through the slidewire
may be treated as continuous and the behaviour of
this device, too, may be quite readily understood.
Under these simple circumstances, AVOW diagrams
such as those shown in Figure 7b could be employed
to support discussion of the variation of output pd
with position of the movable contact.
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Figure 6 Use of AVOW boxes in conjunction with a
graph of terminal pd against current to demonstrate
the variation of output power with load when a
battery has internal resistance.
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Figure 7 lllustrating the behaviour of the slidewire potentiometer.

Students experience very serious difficulties,
however, in understanding the behaviour of potential
dividers such as that shown in Figure 8, which are
very widely used. For these, one resistor is varied to
control the output voltage, and in consequence the
current, 7, through the device changes. Under these
circumstances, particularly when confronted with
qualitative questions, students commonly resort to
localised reasoning, treating the current in R, as
constant and discussing only the variation in pd across
R, (Millar and King, 1993). This would be an
appropriate point in teaching at which to present some
serious challenges to these tendencies.

Figure 8 A very commonly used form of potential
divider.

Circuit dynamics and
challenging misconceptions

Figure 6 demonstrated just one way in which AVOW
diagrams may be used to examine the consequences
of changes that are made within a circuit, that is, as a
series of snapshots. In that particular case a great deal
was already known about the circuit’s behaviour, as
expressed by Figure 6a. AVOW diagrams may also

be used to explore the effects of changes in circum-
stances where far less than this is known initially.
Consider, for example, the circuit shown in Figure 9
(actually a rather complicated potential divider) in
which lamps L, and L, are identical. What will happen
to the brightnesses of the lamps as the resistance of
the variable resistor, R, is decreased? The result will
not be immediately obvious to the significant
proportion of post-16 students who use sequential
reasoning when predicting how a circuit will behave
(Shipstone, 1988). Assuming that they follow the
convention that current is downwards through the load
in this diagram, these students would typically
conclude that L, will increase in brightness while L,
remains unchanged. This, they would argue, is
because the current has already passed through L,
before it is affected by the variable resistor.

Figure 9 A circuit used to challenge students’
alternative conceptions of circuit behaviour.

The AVOW diagram of the load, for some arbitrary
initial state, will appear as in Figure 10a. After
producing this diagram the next step in exploring
outcomes is to make the appropriate change to the
box representing the variable resistor without
changing anything else, that is, keeping the pd across
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Figure 10 Use of AVOW diagrams to support discussion of the behaviour of the circuit shown in Figure 9.

the variable resistor at its initial value (Figure 10b).
Because the resistance has been reduced, the slope of
the diagonal will now be lowered and, with the pd
unaltered, the box will be wider. The effect of this
modification is to produce an AVOW diagram which
is not permissible because its outline is no longer a
rectangle, suggesting that the current would vary from
one part of the circuit to another. The circuit cannot
remain in this state and in practice the change to the
resistor would be communicated to all other com-
ponents by transient signals. These travel in both
directions around the circuit and at close to the speed
of light, almost instantaneously redistributing
potential differences over the circuit so that the current
becomes continuous once again.

Because current will be continuous around the
circuit we know that the composite box representing
the load after the change must be a rectangle. It is
possible to guess, therefore, that the resulting outline
will be approximately as indicated by the dashed line
in Figure 10c. To fit this outline the box representing
the variable resistor would have to shrink and in such
a way that the slope of its diagonal remains constant,
since we may assume that this component obeys
Ohm’s Law. Although the resistances of the lamp
filaments will increase as they become hotter, so that
the shapes of boxes L, and L, will alter, it is never-
theless clear that both boxes must increase in size
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simultaneously, and by the same amount. The
resulting diagram will be of the form shown in Figure
10d. Students should therefore be able to deduce that
both lamps will increase in brightness, and to the same
extent, as may easily be demonstrated. A minor
problem that teachers may need to overcome, if asking
students to work with such a diagram by themselves,
is that many do not like deciding upon an arbitrary
initial state, so this should be given.

Figure 10c allows us to predict what will take
place in this circuit, qualitatively, without further
processing of the diagram. It is, however, possible to
modify Figure 10b in a reasonably systematic way,
as demonstrated in Figure 11, to arrive at a represent-
ation of the final state. Figure 11a reproduces Figure
10b. The variable resistor, R, is represented at its new
value, which is lower than it was initially but is once
again fixed. To fit the new outline this box must shrink
uniformly, as previously explained. If, for simplicity,
we assume that the resistances of the lamps remain
unchanged, then their boxes will expand, whilst also
retaining their overall proportions, along the dashed
lines shown in Figure 11b. Box R must shrink so that
when moved vertically upwards it will just fit between
these dashed lines as shown. Boxes L, and L, are then
expanded to produce the rectangle representing the
load in its new state. The resulting AVOW diagram is
shown in Figure llc.
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Figure 11 Demonstrating how an AVOW diagram might be used to explore the effect of decreasing

resistance in the circuit of Figure 9.

In early trials we asked students to use an iterative
approach to this problem, with pencil and paper,
gradually modifying the sizes of the boxes so that they
all eventually fitted together within a rectangular
outline as required. The students found this work
demanding and the diagrams they produced were often
very messy. Some resented this, particularly those who
had drawn very neat diagrams for the initial state. A
few commented in terms such as:

Hard to balance circuits i.e. keeping height
the same.

Gets complicated when increasing resistance
slopes and adjusting boxes, diagram becomes
unclear.

It would be practicable, of course, for teachers to
demonstrate these changes, or for students to explore
them by themselves, again iteratively, using a com-
puter together with a commercial drawing package.
For real lamps the increase in current would be
lower than Figure 11c suggests, because their resist-
ances will increase as the pd’s across them increase
and their filaments become hotter. This is an issue
that might usefully be raised with an able group of
students: it presents them with a more demanding
problem which can nevertheless be solved by first
superimposing an AVOW diagram like that of Figure

10a on the V- characteristic of lamp L,. The top right-
hand corner of box L, must be a point on the graph
and, as the box is modified, must always remain so.
The behaviour of L, will be identical to that of L,.

Reinforcement of learning gains

If we are to succeed in improving students’ ability to
reason about electric circuits it is not sufficient simply
to present them with examples that challenge their
existing ideas. We must also encourage them, during
their further study of circuit behaviour, to apply the
clearer understanding that we hope they have
developed, so that they become aware that it is of
general use. As an illustration of how this might be
done, consider the potential divider of Figure 12a and
its AVOW diagram (12b). In this initial state, with
nothing connected between the output terminals, the
value of the output voltage, V_ , will be 8 V.

What will happen to the output voltage and to the
current through the potential divider if a load resistor
of 5 kQ is connected between the output terminals as
in Figure 13a? (For the potential divider shown in
Figure 8 this is equivalent to asking what would
happen to these same quantities if the value of R, were
to be reduced.)
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Figure 12 A simple potential divider and its AVOW diagram.
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Figure 13 Use of AVOW diagrams to explore the effect of loading the output of the potential divider shown in

Figure 12, (b) qualitatively and (c) quantitatively.

Simply adding a box representing this 5 kQ
resistor to the AVOW diagram without making any
other changes produces the forbidden diagram, 13b.
We can speculate, as in the previous example, that
the pd’s and currents in the circuit must therefore
change to give an outline rectangle somewhat as
indicated by the dashed line. To achieve a new steady
state the box representing the upper, series, 5 k2
resistor in the diagram must expand, so the pd across
this resistor and the current in the circuit must increase.
Correspondingly, the box representing the parallel
combination of 10 kQ and 5 kQ resistors must
contract, so the pd across this combination must
decrease. In all cases these size changes occur in such
a way that the slopes of the diagonals remain constant.
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It would be a relatively simple matter in this instance
to develop diagram 13b geometrically, by employing
the downward sloping diagonal of the upper box as a
construction line as illustrated in Figures 3 and 6, to
show how the circuit will adapt to the change.
Suppose, though, that our task is to find the new
value of the output voltage of the potential divider.
The solution by AVOW diagram, following the
procedures described in part 1, is then as shown in
Figure 13c, giving a value of 4.8 V. Of course, Figure
13c might be compared with Figure 12b to help
explain the change in pd that is brought about by
loading the potential divider, but this draws attention
away from the dynamic aspects of the circuit. The
increases in overall height and width, which result
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from simply adding boxes together, also reduce the
visual impact of this graphical presentation when
compared with that in Figure 13b.

There are many situations, in practice, in which
changes are made to circuits, sometimes even
inadvertently, as is the case, for example, when a
voltmeter is connected across a resistor which has a
comparable resistance to its own. These offer valuable
opportunities for at least qualitative discussion of the
effects that the changes produce. In this discussion
the use of an AVOW diagram helps to focus students’
attention on what is taking place in the load as a whole
and, in the process, presents a very strong challenge
to some of the alternative conceptions of circuit
behaviour that they might be holding.

One of the teachers involved in the trials of this
approach explained:

.. what I thought was particularly useful was
saying to them, ‘Right, come up to the
blackboard and work through it’ and, you know,
they were good at doing that. They were quite
confident with drawing the boxes and

Further information
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explaining the properties of the boxes. If I had
done that with conventional circuits, quite often
you are straight into equations and for a lot of
them that is very off-putting. ... So this idea of
discussing circuits using the boxes, it worked
very successfully. They articulated, in a way,
how they felt circuits behaved and because they
did that, and because they were confident with
the boxes, it was easy to see what they didn’t
understand.

In one of our lessons a student volunteer made a
determined attempt to modify the diagram of Figure
10c by expanding only the lowest of the three AVOW
boxes, a sure sign that he was reasoning sequentially.
For such students a great deal of rethinking of
cherished beliefs is demanded if they are to arrive at
a more appropriatesconceptual model of the circuit.
The sudden realisation that they have less
understanding of circuit behaviour than they had
previously believed can be very unsettling, though
the effect should only be temporary and ultimately
beneficial.

The technical report, Teaching electric circuit theory at A-level with AVOW diagrams, by David Shipstone and
Peter C-H. Cheng, includes lesson plans and student exercises from the trials and may be obtained from Irene
Jackson, CREDIT, School of Psychology, University of Nottingham, University Park, Nottingham, NG7 2RD

(e-mail: Irene.Jackson @nottingham.ac.uk).
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