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A new approach to the teaching of electricity is described that uses box and AVOW diagrams, novel
representations of the properties of the electric circuit which portray current, voltage, resistance and
power. The diagrams have been developed as aids to learning, understanding and problem solving.
They also have the potential to promote conceptual change by challenging a number of commonly held
misconceptions. The diagrams have been incorporated into A-level teaching materials on d.c. circuit
theory and the rationale for this approach is contrasted with a number of strategies that have previously
been reported. Part 2 of this paper (Cheng and Shipstone, International Yournal of Science Education, in
press) will present the results of preliminary school-based trials.

Introduction

Over the past few decades, a great deal of research has been devoted to under-
standing the difficulties that students experience in learning about electric circuits
(e.g. Cohen et al. 1983, Shipstone 1984, McDermott and Shaffer 1992, Millar and
King 1993). One particularly noteworthy feature in relation to the present study is
that students are slow to develop useful concepts of electrical potential and poten-
tial difference (both of which, together with e.m.f., are usually referred to by the
term ‘voltage’). Another feature, closely allied to this, is that they show a very
strong tendency to resort to localized reasoning when faced with the task of ana-
lysing a complex circuit, i.e. they focus on what happens at only one point in the
circuit and forget that they are dealing with a complex interacting system. These
difficulties are reflected in their ability to solve circuit problems. This paper
describes an innovative approach to the teaching of electricity which seeks to over-
come students’ learning difficulties and contrasts it with other approaches that
have been described in the literature. In part 2 (Cheng and Shipstone, in press),
the outcomes of preliminary trials will be presented.

AVOW diagrams are a novel way of representing the properties of electric
circuits which show how current, voltage, resistance and power (the Amps,
Volts, Ohms and Watts) are distributed. They provide clear, accurate visual
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representations of the electrical properties of d.c. circuits and have been developed
to aid learning and understanding of electricity and the solution of electric circuit
problems (Cheng 1999a, 2001). The diagrams also focus students’ attention on the
circuit as a whole. It was therefore anticipated that their use in teaching would help
to combat students’ tendency to employ localized reasoning when considering
circuit problems and, as well as supporting problem solving, would help them to
develop scientifically acceptable mental models of circuit behaviour.

The outcomes of trials of prototype teaching materials based on AVOW dia-
grams with students at the beginning of their A-level studies led to a further
development which we refer to here as box diagrams. These share many features
with AVOW diagrams and provide a simple introduction to them. Revised mate-
rials incorporating both types of diagram have since been developed. These cover
all aspects of d.c. electric circuit theory that are encountered in a typical A-level
physics course, except capacitance and inductance. This paper provides a brief
outline of the system and discusses its relationship to other approaches.

Representing circuits with box and AVOW diagrams

The box diagram, a simplified AVOW diagram, is illustrated in figure 1b. This is
not a substitute for the circuit diagram in figure 1a, but represents what is taking
place within the circuit. Figure 1b is divided into two halves. The left-hand box
represents the battery while the composite right-hand box represents the load,
made up of a network of resistors. The heights of these left- and right-hand
boxes indicate, respectively, the terminal p.d. of the battery and the total p.d.
across the load, which are equal. The widths of the boxes represent the current
and are also equal since current is conserved around the circuit. The box diagram
for a whole circuit is therefore like an open book, with a ‘left-hand page’ for the cell
and a ‘right-hand page’ for the load. The current may be imagined as towards the
load along the line at the top of the box diagram and from the load back to the
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Figure 1. Box diagram representation for a circuit with a network of
resistors.
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battery along the line at the bottom. The direction of the current, in the conven-
tional sense of a flow of positive charge from the positive terminal of the cell
through the load to the negative terminal, is shown by the bold arrows. These
arrows are omitted once students have become familiar with the representation.

Current is always shown as downwards on the right-hand ‘page’, through the
box representing the load in the circuit, and could be imagined as a sheet of current
— in some ways like the sheet of water that comes over a waterfall, except that in
this case the wider it is the more of it there is. The ‘sheet’ of current through the
network of resistors forming the load is broken up into a number of sections, just
as a waterfall is broken up by protruding rocks and ledges. The vertical lines in the
diagram mark the boundaries between the separate current streams through the
load and wider boxes represent bigger currents. (This is a helpful image only at
this point in the explanation, though: it would not serve as a useful analogy when
discussing the electrical properties of circuits.)

The resistors Ry and R, are connected in parallel. The boxes representing
these therefore appear side by side, with currents of 2A and 1A, and are of
equal height since p.d. is the same for both. On leaving the parallel combination
these current streams recombine to give a current of 3A through Rj. Resistors Ry
and Rj are connected in series. The current of 1A, therefore, flows through both
and the p.d.s across these two resistors add up. The boxes representing Ry and R;
therefore have the same width and appear one above the other.

Electrical potential is clearly represented and increases as we move upwards
through the diagram. If we label the bottom line in the diagram as 0V, i.e. set it at
zero potential, then the top line will be at 6V. Taller boxes represent bigger p.d.s.
All those parts of the circuit where the electrical potential is constant appear as
horizontal lines, and any components that have zero p.d. across them also appear as
horizontal lines. Connecting wires in particular, it should be noted, are never
shown as such and appear as horizontal lines in these diagrams because, although
there are currents through them, there are no p.d.s across them.

Since the total current is the same all the way down through the network of
resistors forming the load and, for that matter, the same all round the circuit, the
width of the diagram is the same at the bottom as at the top. Also, because the p.d.s
along any current track always add up to the total applied p.d., the sides of the
diagram will be the same height. So all completed boxes must be rectangles, with-
out any gaps inside them. This is a direct consequence of Kirchhoff’s Laws, which
the diagrams encapsulate. We believe that this ‘rule of the rectangle’, in particular,
should provide useful guidance to students when applying the basic circuit prin-

ciples on which the diagrams are based.

The area of each box comprising the diagram is given by the product of the
p.d. across and the current through each corresponding circuit element. The area
of the left-hand page therefore shows the power delivered by the cell while the
areas of the boxes making up the right-hand page show what power is dissipated in
each part of the load. For a box representing a resistor, the ratio of its height to its
width is the p.d. across the resistor divided by the current through it and so gives
the resistance.

When combined with knowledge of Ohm’s Law the use of box diagrams will
support students in the solution of a wide range of problems such as that shown in
figure 2. A route to the solution, if not the solution itself, usually becomes apparent
during construction of the diagram. In arriving at this point the various constraints
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Find:

(a) the value of the p.d., V,
across resistor Ry,

(b) the current, I, through Ry,

(c) the value of R, and

(d) the value of R,.

Figure 2. A problem that may be solved with the aid of a simple box
diagram.

already described provide valuable guidance towards the solution, particularly the
need for the resulting diagram to be rectangular and without gaps or overlaps.
With practice in drawing these diagrams, together with the knowledge and
understanding of basic electrical principles that go along with this, students should
be able to solve a wide range of problems. Some network problems could not be
solved by this means, however. Examples are those in which only the resistance
values and either the total current or total applied p.d. are given. For these,
though, the procedure may be developed further by using AVOW diagrams.

AVOW diagrams

By taking the further step of adding diagonals to the boxes, as shown in figure 3,
we arrive at the AVOW diagram. The gradient of the diagonal is the p.d. across the
component divided by the current through it and so represents the resistance,
which in figure 3a is 3§2. The general form is shown in figure 3b. This would
be an opportune moment at which to omit the current arrows that were introduced
in figure 1, or at least move them to positions above or below the boxes.
AVOW diagrams may be used to represent any component that has resistance,
but not capacitance or inductance. Figure 4 shows how a range of resistors of
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Figure 3. Representing resistors by AVOW diagrams.
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Figure 4. AVOW diagram representations of a variety of resistors.
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Figure 5. Equivalent AVOW representations of a 2Q resistor.

different sizes would be represented in a diagram of a resistance network. AVOW
diagrams are more versatile than the box diagrams previously described and can be
used analytically in many instances that are of practical importance. Their versa-
tility is a consequence of an important property, which is demonstrated in figure 5.
The 29 resistor in figure 5a obeys Ohm’s Law, we shall assume, and is represented
by the AVOW box (figure 5b). (It is useful to show the numbers that indicate the
ratio of the vertical and horizontal dimensions (2:1 in the example) inside the box.
This notation had been developed to help avoid confusion between the numbers
indicating ratios and those that indicate actual values of current and p.d. These last
are shown outside the box as in figure 3.) Figure 5c¢ demonstrates, in a series of
steps, what happens to the AVOW box for the resistor as the p.d. across it is
gradually increased to twice its original value. Because it obeys Ohm’s Law, the
resistance, and therefore the slope of the diagonal in the diagram, remains con-
stant. The current, it will be noted, is eventually doubled too and the power
dissipated in the resistor is increased by a factor of 4 in accordance with the
formulae P=1V, P=1°R and P:\72/R. Figure 5d demonstrates another way in
which the box might be expanded, or contracted, by using the other diagonal as a
construction line. This property of the boxes may be exploited to fit boxes together
to build up the AVOW diagram for any network of resistors.
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Use of AVOW diagrams in problem solving

Figure 6 illustrates how an AVOW diagram would be constructed to solve the
problem posed there. The boxes have been drawn to scale but the horizontal and
vertical scales are not the same. To draw them so would frequently be quite
impractical in view of the enormous range of values that resistors may have.
The box diagram for the parallel combination of resistors is built up first as
shown in figure 6a. The AVOW boxes for both resistors are drawn 1 unit wide
initially. Since the p.d.s across the two resistors will be the same, the 6 box is
then expanded, as indicated by the dashed lines, until it has the same height as the
129 box. The AVOW diagram for the parallel combination is therefore 3 units
wide. (The ratio of the vertical to horizontal dimensions of this combined box
shows that the total resistance of the parallel combination is 4€2. The box repre-
senting the series 5{ resistor is then added. Because the current through this
resistor is the same as that through the parallel combination this box must be
expanded to the same 3 units in width as shown.

The current in the circuit shown is 2A.
Calculate (a) the separate currents in the
12Q and 6Q resistors, (b) the p.d. across
the 6Q resistor, (c) the p.d across the
network and (d) the power delivered to
the 12€ resistor.
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Figure 6. Use of an AVOW diagram in problem solving.
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Once the AVOW diagram has been drawn as shown in figure 6b, there are
several different ways of solving the problem, and feedback from our preliminary
trials has helped us to select amongst them. The solution that follows illustrates the
flexible way in which we now feel that AVOW diagrams might be integrated with
use of formulae to support problem solving at school level.

The width of the AVOW diagram, 3 units, represents a current of 2A, so each
unit of width represents 0.667A. Immediately, therefore:

(a) Current in the 120 resistor=0.667A and current in the 68
resistor =1.333A.

By Ohm’s Law:
(b) P.d. across the 65 resistor=1.333A x 6Q=8V.
Using the height ratios of the boxes:

(c) P.d. across the network =8 x 27/12=18V.
(d) Power delivered to the 122 resistor =0.667A x 8V =5.37W.

In passing, it is interesting to consider how power would be distributed within the
network by examining the areas of the three boxes that make up the completed
diagram in figure 6b. Comparing the areas of the two lowest boxes shows that in a
parallel combination it will be the lower resistor that receives most power.
Remembering that the resistance of the parallel combination is 4{) comparison
of the area of the upper box with the combined area of the two lower boxes
shows that the opposite is the case for a series combination of resistors. AVOW
diagrams demonstrate this difference very clearly.

Use of AVOW diagrams to explore the effects of modifications
to circuits

In practice, a circuit may be modified in a whole variety of ways, such as by adding
an ammeter in series or a voltmeter in parallel with a particular component or by
adjusting a variable resistor. It is important that physics students understand the
effects that such changes will have upon the current and the distribution of p.d. in
acircuit and are able to analyse, qualitatively, the functional relationships amongst
circuit variables (Eylon and Ganiel 1990).

Figure 7 demonstrates how an AVOW diagram may be used to examine the
effects produced by changing the resistance of R, in the potential divider (figure
7a) to a new, lower value, R. Having constructed the AVOW diagram (figure 7b)
for the potential divider in its initial state, the next step is to make the required
change to the box representing R, without changing anything else, as in figure 7c.
This diagram, however, is inadmissible. It is not rectangular and represents the
circuit in an unstable state where the current in R is larger than that in Ry. It is
reasonable to assume that once transients in the circuit have decayed, which they
do very quickly, the final AVOW diagram will have an outline approximately as
indicated by the broken lines in figure 7c. To fit this new outline box R; would
have to expand while box R contracts. Immediately, therefore, it is possible to
deduce that the p.d., V,,, across the output terminals will have decreased, that the
p.d. across Ry will have increased and that the current in the circuit, once more
identical for both resistors, will have increased.
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Figure 7. Development of an AVOW diagram to explore the conse-
quences of reducing the value of R; in the potential divider.

If the resistors obey Ohm’s Law then it is possible to predict the final state of
the circuit precisely, if desired, by expanding the box for R; and contracting the
box for R along the directions of the arrows as in figure 7d. The resulting AVOW
diagram is indicated by the dashed lines.

The A-level teaching materials also included the use of AVOW diagrams to
represent sources with internal resistance, and the technique has recently been
developed to include exercises concerning non-ohmic devices for which the char-
acteristics (graphs of voltage against current) are available (Shipstone and Cheng
2002).

Comparison with other teaching approaches

The use of box and AVOW diagrams exhibits similarities with and differences to a
number of previous approaches to electricity instruction. These can be broadly
categorized according to whether they are motivated (i) by cognitive considerations
or (ii) by analysis of students’ misconceptions and the organization of the cur-
riculum to promote the development of correct conceptions.

Cognitively motivated approaches

Chi et al. (1994) put forward a theory of conceptual change based upon the
assumption that all concepts belong to one or other of a number of ontological
categories which they identify as matter, processes (within which the important
class of constraint-based interaction processes (CBIP) form one subcategory) and
mental states. The theory predicts that major misconceptions that are resistant to
change, like many of those encountered in electricity, will arise when a learner
associates a concept with the wrong ontological category, e.g. electric current with
the matter ontology. Earlier, Chi (1992) had argued that CBIP are fundamental to
many scientific domains and that science instruction should be largely based on an
ontology that emphasizes such processes, including concepts such as equilibrium
and conservation. Slotta and Chi (1996) provided instruction on CBIP to one




[image: image9.jpg]LEARNING AND CHANGE WITH BOX AND AVOW DIAGRAMS, PART 1 201

group of learners, all university undergraduates, before instructing both that group
and a control group on basic electricity. After the programme the first group’s
concepts were closer to the standard scientific views and they could solve problems
better, in comparison to the control group.

A number of studies have investigated the use of analogies in teaching elec-
tricity. Gentner and Gentner (1983) had learners of high school to college level
think of situations that were supposedly concrete analogies to electricity, such as
water flow in pipes and crowds of people teaming around a race track. However, it
was found that there was a lack of transfer of appropriate concepts because parti-
cipants’ base models were often themselves inadequate. Dupin and Johsua (1989)
claimed some success in using two different analogies, a continuous train analogy
and a heat conduction analogy, to support teaching of different aspects of circuits
to separate student groups aged 12—16 years. However, they advised that the use of
both together, to cover all essential aspects, risked confusing the learners. To be
helpful to the learner, though, an analogy must present a simpler context than the
electric circuit itself. It is difficult, therefore, to envisage how all of the complex-
ities of the CBIP that characterize the electric circuit could be covered in this way
without the use of multiple analogies.

White and Frederiksen (1990) advocated a focus on causality and the temporal
order of processes, which raised the question of how to help learners bridge
the conceptual gulf between concrete descriptions of behaviour and the abstract
formal laws of a domain. Their proposed solution was to use intermediate
causal models, representations at a level of abstraction between the descriptions
and the laws. Intermediate causal models have been developed using computer
simulations which, for example, illustrate how a steady current becomes estab-
lished in a circuit after a switch is closed and their effectiveness for instruction of
high school students, in Grades 10 or 11, has since been demonstrated
(Frederiksen et al. 1999).

Although the long teaching sequence that we have devised for A-level teaching
incorporates a range of teaching strategies, it is broadly in keeping with Chi’s
recommendations about emphasizing CBIP since the use of box and AVOW dia-
grams encourages learners to focus on the formal relations among circuit proper-
ties and the processes taking place within circuits. The approach differs from that
of Slotta and Chi (1996), however, by integrating their CBIP ontology into the
thoroughgoing basic interpretation of the diagrams presented to the participants,
rather than providing it as separate prior instruction. The approach is similar to
that used by Frederiksen et al. (1999) in that new representations are introduced to
help the learner and attention is paid to modelling the effects of changes in circuits.
However, it differs from their approach and from those employed by Gentner and
Gentner (1983) and Dupin and Johsua (1989) in not being reliant on either causal
models or concrete analogies. No references are made to water circuits, and hardly
any to other analogies, during the programme. Rather than using representations
at an intermediate level of abstraction, the box and AVOW diagrams serve directly
to integrate circuit representations with the laws governing circuit behaviour and
both material, and causal interpretations of the domain can be made using the
diagrams described. In addition, the diagrams are introduced not solely as aids
to teaching and learning but also to equip the learners with problem-solving stra-
tegies for later use.
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Curriculum organization approaches

A number of approaches have been devised that attempt to avoid the development
of false mental models of electricity by initially emphasizing some aspect of elec-
tricity over others on the assumption that the chosen aspect is conceptually pri-
mary. Shaffer and McDermott (1992), preparing instructional materials for use
with trainee science teachers, argued that current should be the basis for initial
model building because flow is a more intuitive concept than pressure to students.
Shipstone and Gunstone (1985) took electrical energy as their starting point for
work with 12-13 year old students as this concept is most compatible with the
common ’source-consumer’ model that children often possess. Licht (1991)
described an extensive secondary level programme with the same starting point.
Psillos et al. (1988) used voltage as the primary concept so that pupils, in their case
aged 14-15 years, would be less likely to treat voltage as a property of the current.
The approach with box and AVOW diagrams circumvents this issue of primacy
amongst concepts. It places no special emphasis on any one aspect of electricity
but, instead, treats all of the key aspects in an integrated way. AVOW diagrams in
particular give equal status to voltage, current, power and resistance by always
presenting them simultaneously.

A comparison of the use of AVOW diagrams with the use of equations in
problem solving (Cheng, in press) revealed that a major task confronting learners
is that of managing the multiple constraints of all the applicable laws whilst meet-
ing all the problem requirements. Simply having to juggle all the information can
be a major obstacle to achieving an overall picture of what is happening. It is
possible, therefore, that part of the reason for the development of misconceptions
is the learner’s inability to cope initially with a complex model with multiple
interacting dimensions (in this case the scientists’ view of the electric circuit). If
so, then much of the potential benefit of the highly structured curricula that have
been proposed in the past might arise from the instruction designer’s careful
management of the level of complexity of the relations to which the learner is
exposed. Such an interpretation is consistent with theories of cognition, learning
and development, which posit that there are limits to the amount of information
that can be processed in parallel at any one time (e.g. Halford 1993). By encoding
the properties of circuits as perceptual chunks, which can be components of larger
perceptual chunks, box and AVOW diagrams appear to reduce the apparent com-
plexity of the domain that has to be considered at a given time. The rule-governed
manner in which the diagrams are built up means, in addition, that more complex
situations can be considered by simply extending chunks previously acquired or
assembling them into new higher level chunks (Lane et al. 2000, 2001).

Good representations can not only make problem solving easier by more than
an order of magnitude (Kotovsky et al., 1985) but can also substantially determine
the reasoning strategies that can be used and the potential for discovery of mean-
ingful patterns in the domain (Zhang 1997). We believe that good representations
may substantially determine what can be learnt and that they have the potential to
support learning through helping to determine how knowledge is structured in the
mind and the ease with which it is acquired, as well as the problem-solving meth-
ods that can be mastered (Cheng 1999b). The use of new representations makes it
possible to re-engineer the knowledge in some domains to make their inherent
conceptual structure more coherent and hence easier to learn (Cheng 1999c).
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The development of box and AVOW diagrams in the field of electricity provides
just one example and in Part 2 of this paper (Cheng and Shipstone, in press) we
discuss the outcomes of our preliminary trials of this approach with A-level stu-
dents.
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