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Introduction

Circuit analysis is a core engineering topic
The highly complex, interconnected nature of circuits imposes a high cognitive load on students
Students must master many distinct ideas to achieve success

Duality, a type of symmetry, can provide a unifying, overarching structure to the subject that can
help promote learning (creates structural knowledge to organize declarative knowledge and
facilitate recall from long-term memory)

Duality is crucially important in many fields, from projective geometry (duality of lines and
points) to Boolean algebra (duality of AND/OR operators and 1/0 literals). Textbooks on the
latter nearly always exploit duality by presenting axioms and theorems as dual pairs

Circuits exhibit strong duality, both in terms of geometric duals and lists of terms that can be
interchanged in theorems about circuits, as first shown by A. Russell in A Treatise on the Theory
of Alternating Currents (1904)
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Sets of Dual Terms in Circuits
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Geometric Duals of Circuits

é Yy ® Current constraints: [, — . =(6S) V,, [,=T A
) Sought current: [Ig= 1.

1L —L)2Q)+1.4Q)+[(5Q)+1.(8Q)=0
(KVL for supermesh of meshes 2 & 3), and
V=11 —1)(2 Q) (control voltage).

Voltage constraints: V, — V. =(6 Q) 1[,, V4=TV

Sought voltage: Vg= V.

V. —V)2S)+V.(4S)+V,(5S)+V.(8S)=0
(KCL for supernode of nodes 2 & 3), and

L, =1.—-Vy(2S) (control current).
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Example of Duality as an Instructional Principle
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Why don’t most textbooks use duality more extensively?
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Dualizing Mesh Analysis
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Simplified Equations by an Improved Choice of Reference Mesh

With ref. mesh shown:

L X'Y! YZ[' UL, X\ IgS

LoX', T lof s X' ] 16

15N "5l ] 18518 X

510,] 1 85N Sloe] 185h X 6 ES:
= L5 N\ [ 9151 ] L850 A8 [L

With outer reference mesh:
|, =L =11 120%A, lg— L = 3l

!# =!!—!&, !()/0:!'—!!,

e More importantly, nodal & (b =L)(11aQ)+( -1)(-16Q)=0,
mesh analysis are now exactly (le=1)(19Q) + (lg—15)(4 Q) = 0, and
dual, as they should be! (L =1)(11 Q)+, -1 )(-16Q)+

(1, =1(19 Q) + (ls— 1)(4 Q) + 14(7 Q)
"3l 0%V +1.(8Q)=0
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Defining Series Connections
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Implementing the New Dualized Approaches in Instruction

| IS8 ($)*) () +96,)-("*(.#)/0)- (Y& (H##(1 BBA* % & (1212(0"(8,) (09)(&) $(-8/#(
177%1.9),:

Lecture notes used by first author

Introductory multiple-choice tutorials in our step-based tutoring system (Circuit
Tutor)

Corresponding exercises (“games”) in Circuit Tutor
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Survey Results on New Approach to Series Connections (Spring 2020)

" 88 students in 3 sections used both versions of the Series-Parallel game

" 72% strongly or somewhat agree that introductory tutorial (using both mesh-based
and chain-based definitions of series connections) is improved and should be used in
the future; only 11-13% disagree

" Similar results obtained in Fall 2020

New Tutorial Improved? Should Use Revised Tutorial & Game in
Future?

3%

m Strongly agree

8%\‘ = Somewhat agree 13% = Strongly agree

» = Neutral = Somewhat agree
Somewhat disagree

® Neutral

m Strongly disagree
Somewhat

. .
Not sure disagree
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Survey Results on New Approach to Mesh Analysis (Fall ‘19, Fall ‘20, and Spring '21)

" 195 students in 10 class sections at four institutions who used the revised version of
the tutorial on mesh analysis (fully dual to nodal analysis)
" Comparing to traditional approach in their textbooks

New Approach to Mesh Analysis Which Approach Should Be Used?

m Better than ® New approach
\ traditional method
®m Worse than = Traditional

traditional method approach

® Neutral ® Doesn't matter
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Summary & Conclusions

Duality is proposed as a unifying framework for linear circuit analysis instruction to enhance
structural knowledge and minimize cognitive load

Two key topics are not traditionally taught in a dual manner, namely nodal & mesh analysis,
and series & parallel connections; our new approaches dualize both of these topics

Dualized approaches were incorporated into a step-based tutoring system (Circuit Tutor)
and used by up to 1800 students at 7 varied institutions taught by 24 instructors in 57
different class sections (F '19-Sp '21)

Students favored the new, dualized approaches over the conventional ones by margins of
72-83% in various surveys

Circuit analysis can be taught in a fully dualized fashion, and that students respond very
positively to that approach

The next step will be to develop a full set of instructional materials organized around duality

Circuit Tutor is available for free use in courses; e-mail skromme@asu.edu for a free
registration code
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Spring 2021: Students Assigned to Interleave Dualized Nodal & Mesh Analysis
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Survey Results on New Approach to Series Connections (Fall 2020)

" 80 students at two institutions who used only the new version of the Series-Parallel
game (ASU & University of Texas at El Paso)

" 75% thought the mesh-based definition is better; only 10% felt it was worse

" 51% favored using both definitions (as now done), 29% favored only the new
definition, and only 10% wanted to stay with the old definition

Series Connections 1n Terms of Meshes How to Teach Series Connections

® Only mesh-based

m Better than 10% definition
traditional method
® Both
= Worse than

traditional method ® Only traditional

definition

» Neutral Doesn't matter
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|s Duality Currently Exploited in Linear Circuits Textbooks?
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Is Duality Currently Exploited in Linear Circuits Textbooks? (cont.)
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Conclusions (cont.)
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Turning a Circuit “Inside Out 1 ] | USF<) 38/ 7) )’
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Implementing the New Dualized Approaches in Instruction

" Lecture notes used by first author revised in Fall 2019 to reflect new approach to mesh
analysis including explicit use of reference mesh and choosing it to advantage; used
through present (Fall 2021)

" Introductory multiple-choice tutorial created on mesh analysis in Fall 2019 as part of our
step-based tutoring system called Circuit Tutor, explaining the new approach; used in
conjunction with four sets of step-based exercises (“games”) on both AC and DC mesh
analysis (equation writing & full solutions)

" Existing introductory tutorial on series & parallel connections in Circuit Tutor was revised in
Spring 2020 to incorporate the new approach to series connections (in addition to the
traditional, chain-based definition)

" The existing exercises (“game”) on series-parallel connections in Circuit Tutor were revised
in Spring 2020 to show colored mesh currents as an alternative to colored nodes, and to
offer explanations in terms of common meshes for series elements




