
 

An Instrument for Assessing Knowledge Gain in a First C
 in Circuit Theory 

 
 

Vishnu K. Lakdawala, tephen A. Zahorian, Oscar R. Gonzále
rum, Jr. 

Departm and Computer Engineering 
Old Dominion University 

Norfolk, VA 23529 

h
t
o
th

t
o
s

e gains and ot
then be used to compare the effect of different teaching methods. In addi
instrument or portions of it can be offered at later times in the curriculum to m

ement from other courses.  This concept-based testing approach is us
the overall effectiveness of the circuit component of a curriculum and could thus
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education related conferences which include assessment as a key subject area. Re
Transactions on Education devoted a complete special issue on assessment 
Kerns6). The issue contains papers on development, implementation, and institu
educational assessment in engineering education.  A number of assessment i
assess multiple dimensions of learning are also available (for example, see FLAG
science, mathematics, and engineering.  In addition, over the past several yea
effort has been devoted to research in the area of technology-enhanced educatio
been made, addressing a variety of educational needs, ranging from supplem
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Abstract 
Although there has been considerable research on the development and use
instruments to measure the effectiveness of various pedagogical approac
introductory physics classes (Hestenes et al.1, Hestenes et al2,  Hake3,  Saul e
science courses (for example, see Vosniadou5), there is relatively little similar w
done to develop assessment instruments for the first circuit theory course 
electrical and computer engineering.  Given the large numbers of students natio
such a course, the challenge this course presents to beginning engineering s
introduction of new approaches to teach this material, an instrument similar to th
physics is needed to identify student misconceptions at the beginning of the clas
the normalized learning gain at the end of the class (Hake3). Thes

and reinforc

of the continuous self-improvement process required under the ABET 2000 rules

 
 
1. Introduction 
 
In recent years, in response to the pressures from both industry and academ
bodies, higher education institutions are incorporating more and more student le
and assessment techniques in their educational programs and courses.   S
outcomes and assessment are major criteria included in the Accreditation Boar
and Technology (ABET) 2000 criteria.  This is further substantiated by t
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courses, to complete on-line courses, to complete on-line programs. Despite all 
and even product development, most of the courseware material available for u
level is still not considered as effective as a professor lecturing and leading d
students. Most of the work is driven more by convenience factors in continuing
the increasingly mobile student population (“anytime, anyplace,” educat
economies of scale, and to a certain extent just because the technology is availab
faculties working on a daily basis with students continue to experiment wi
techniques to improve the educational process, allowing studen

this effort, hype, 
se at the college 
iscussions with 

 education due to 
ion), perceived 
le. Nevertheless, 
th new teaching 

ts to learn more in less time, to 
ent is critical to 

 student, faculty, 
used, long-term 
a research group 
ology Enhanced 

ation (http://www.tee.odu.edu/).  The particular focus of our research is to develop and 
implement a method to dynamically schedule and integrate currently available assessment 

mpt to use these 
d the program of 

 this paper represents the initial phases of our work.  In particular, this paper 
ed to  assess the 
ponent relations 
-- that is most 

 equation solving 

 test is intended to be administered at multiple times in the curriculum, and 
particularly at the beginning and end of the first circuits' course.  A comparison of the 

e measure of the 
 a test could also 
tion of concept 
courses.   

 weaknesses in 
understanding, and to expose a priori misconceptions (Zelik8).  Extensive field-testing coupled 
with careful development work can be used to insure valid tests.   The tests are generally short 
multiple-choice format instruments, thus reducing intrusion into class time and making them 
easy to score.  Developing a reliable and valid concept test is a major, long-term undertaking and 
consequently only a limited number of such tests (mostly in Physics and Astronomy) are 
currently available.  There is relatively little similar work that has been done to develop 
assessment instruments for the first circuit theory course in electrical and computer engineering. 
Finelli and Wicks (Finelli and Wicks9) presented the results of one such instrument for a circuits' 

understand more deeply, and to enjoy their learning experience more.   Assessm
determine the effectiveness of these new techniques in many different settings. 
 
The present state of affairs in education, and the current trend towards assessing
and even complete educational programs, leads us to the conclusion that foc
research is needed to move forward.   In order to address some of these issues, 
comprising of the authors of this paper has been formed working for Techn
Educ

instruments that assess multiple dimensions of learning.   Our group will atte
instruments to improve student learning, instruction methods, course content, an
study.    
 
The work reported in
describes the development of the alpha version of a test instrument that is intend
student's understanding of fundamental concepts of circuit theory, such as com
and connection laws.  The multiple-choice questions are “concept-based,” 
questions have very few numerical quantities, and most questions do not require
to determine the answers.  
 
This single

normalized learning gain in each running of the course is thus expected to be on
effectiveness of the teaching methods used each time the course is taught.  Such
be administered at other times in the overall curriculum to measure reten
information over time as well as the degree of concept reinforcement from other 
 
2. Background 
 
Concept diagnostic tests are employed to study conceptual gains, identify
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course. They developed two tests. One test was offered at the beginning of the
the other test at the end and at later times in the curriculum. Neither test wa
offered as a pre/post test and cannot be used to measure the learning gain or 
teaching method. Recently, faculty associated with the National Science Foun
Foundation 

 first course and 
s designed to be 
the effect of the 

dation sponsored 
Coalition have started to develop concept inventories for several engineering topics. 

Two such inventories are currently being designed for time and frequency domain DC and AC 

s for electrical 
y Prof. David R. 
f the assessment 
ptual Learning 
Electric Circuits 
he DIRECT test 
ysics education 

earch results on student misconceptions on electrical circuits. 
An extensive listing of references is included in Meltzer12. In the Oersted Award lecture in 2001, 

ns did not reveal 
 a motivation for 

ependently from 
er tests. Following the analysis of the current test results, we will consider working with 

f other similar circuit diagnostic tests to adopt some of their test items or modified 
versions of them. The modification may be necessary since the ECCE and DIRECT tests were 

d for use in an 
rted in a future 

The current version of the concept diagnostics test consists of fifteen multiple-choice questions 
theory taught in 

laws - namely 
llel connections, 
imple switching 

s for the various topics.  Note 
that some questions pertain to more than one topic area.  
 
Most questions do not have numerical values and do not require equation solving to determine 
the answer.  A typical question is of the form, if a certain resistor in a circuit is increased in 
value, does the current in branch 1, increase, decrease, or stay the same.    About 60 percent of 
the questions are based on ideas and concepts the students should have learned and mastered in 
their high school physics or undergraduate physics classes prior to taking the test and the 
reminder are based on material they are expected to learn in the Circuits 1 course. 
 

circuit analysis. 
 
In Physics, there currently are at least two conceptual diagnostic instrument
circuits. The Electric Circuit Conceptual Examination (ECCE) was developed b
Sokoloff at the University of Oregon and is available, for example, as one o
resources from the Physics Workshop at Dickinson College (Conce
Assessments10).  A second test is called Determining Interpreting Resistive 
Concepts Test (DIRECT), and is limited to resistive circuits. The analysis of t
results appears in the dissertation by Engelhardt (Engelhardt11). The ph
community has also published res

McDermott13 reported that research using conceptual electrical circuits questio
any improvement from attending lectures. This lack of conceptual learning was
the Physics by Inquiry teaching technique. 
 
The first version of our electrical circuit concept diagnostic test was done ind
these oth
the authors o

developed for students taking physics. The revised test will then be validate
electric engineering circuit theory course. The results of this test will be repo
publication.  
 
3.  Concept Test 
 

based on fundamental topics typically covered in a first course in circuit 
electrical and computer engineering.  The topics included are connection 
Kirchoff’s current and voltage laws, Ohm’s law for resistors, series and para
passive sign convention, circuit elements such as resistances and capacitors and s
circuits.  The following table shows the distribution of the question
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Table 1:D  of the qu  the various topic areasistribution estions for

Topic A

Ohms Law, Kirchoff’s 
rent Law

3 
Voltage and Cur s 
Passive Sign convention 1  

Series and Parallel Circui 5 t 
Capacitor a

 
 

rea Number of 
Questions 

nd simple 
switching circuits 

5 

Resistance 8 
Dependent Source 1 

 
 
To evaluate knowledge gain and retention, the concept diagnostic was administ
6 and week 14) during the Fall 2001 semester to two cohorts of students--one 
Circuit Theory 1 (ECE 201) course, and the second group taking the follow-up 
(ECE 202) course. The test was again administered in the beginning of the sprin
for the same two classes.   Thus, some students have taken the test once, som
and some three times.   These students are in their sophomore year of the electr
engineering program.  Although ideally the tests should be given at the beginnin
semester, since the test was still under development, it was not given the first tim
weeks into the Fall 2001 semester. The students taking these tests have ha
prerequisite background in physics and mathematics.   In order that meaningful
be made based on the results of these tests, motivational incentives were give
they would take the tests seriously.  For the cases reported in this paper, the stud
credit for one homework assignment for taking the test each tim

ered twice (week 
group taking the 
Circuit Theory 2 
g 2002 semester 

e students twice, 
ical or computer 
g and end of the 
e until about six 
d the necessary 
 conclusions can 
n to students so 
ents were given 

e irrespective of test 
performance, plus a small amount of bonus regular exam credit based on diagnostic test 

ance.  In fall of 2001, the Circuit Theory 1 class had 60 students and the Circuit Theory 2 
had 36 students.   In spring of 2002, the Circuit Theory I class had 36 students, and the Circuit 

entives given, not 
g a fifty-minute class 

the students took 
 for the test.   

4. Results  
 
A summary of the results for the two groups of students, Circuit Theory I (ECE 201) students 
and Circuit Theory II (ECE 202) students, are shown in the following tables. Each test question 
is equally weighted with a maximum normalized score being 100.  Table 2 summarizes the 
performance of the ECE 201 students, for each of the three times the test was given in ECE 201.   
Table 3 summarizes the results for the ECE 202 students, again for each of the three times the 
test was given in ECE 202. 

perform

Theory II class had 42 students.   It should be noted that in spite of the inc
every student in the class took all the tests.  Each test was given durin
period.  Even though the students could use the full class time, the majority of 
about 25 minutes, with only 10 percent of the class taking the full 50 minutes
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Table 2:Test results for Circuit Theory  1 students 

 1  
Spring 
2002  

ECE 2
Pretest
We k 6

Posttest 1 
eek 1  

Posttest2  
Week 1   

       
 N  of Stu  60  47  40  
      
 45.38  47.60  50.50  
 46.70  46.70  53.30  
 Mode 40.00  40.00  60.00  
 STDEV 15.65  16.64 15.08  
 HIGH 86.70  86.70  73.30  
  20.00  
      

 
 

Table 3: Test results for ir

 Fall 200

01  e  W 4 
 

umber dents
  

Mean 
Median 

 

LOW 6.70  13.30 
  

 C cuit Theory  II students:

Fall 2001 
P st  
W  6 

Pos
We

Numb udent 16 

 
 

  
Spring 
2002 

ECE 202  
rete
eek  

ttest 
ek 14 Week 1 

      
 er of  St s 36  39 
      
 Mean 46.86  55.41 50.61 

46.70  53.30 53.3 
 Mode 46.70  60.00 53.3 

6 
3 

LOW 13.30  33.30 20.0 
  

A few observations about the data are as follows: 
 

• The average test scores range from 45.38% to 55.41%.  Standard deviations within a 
class range from about 15% to 17%.  The median and the mode are typically very similar 
and close to the mean.   

• The scores do increase from the pretest to the posttest, but only slightly.   
• The scores for ECE 202 are somewhat higher than for ECE 201, but again only by a 

small amount.    

 Median 

 STDEV 15.65  15.75 15.1
 HIGH 73.30  86.70 73.
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5. Analysis of the Results 

ified.   The first 
01 students, and 
ts took the exam 

 cohorts (or “matched” data sets), the 
results were further analyzed based on Hake’s model of normalized learning gain.  The average 
normalized learning gain as defined by Hake3 was computed as follows: 
 

  

 
In order to analyze results in more detail, two cohorts of students were ident
group of 26 students took the exam 3 times—twice in the fall of 2001 as ECE 2
once in spring of 2002 as ECE 202 students.    The second group of 16 studen
twice as ECE 202 students in fall of 2001.   For these two

gainAverage Normalized Gain 
max. possible gain

g

post pre

= 〈 〉 =

〈 〉 − 〈 〉
100 pre

=
− 〈 〉

 
 

 (1) 

where the angle brackets ”<…>”  indicate an average over the students taking the specified test. 
This metric was computed for the matched data set h  more than 
once. Another related statistic is, gave  , the average of normalized learning gains for each student 

s of students that took t e exam

post pre1 1 i i−

in the matched set.  This is computed as follows: 
 

 
100% preave ii

i i

g g
N N

= =
−∑ ∑  

 
where N is the number of students, and posti and prei denote the post and pre t
student.   
 

(2) 

est scores of the ith 

This metric allows th ning gains. Hake points out that as the 
matched set grows, gave will approximate <g>.  Tables 4 and 5 give the results of the learning 
gain metrics for cohort 1 (first took E 201 s ohort 2 (first took test as ECE 
202 student) respectively.   Note there are separa  columns for each combination of test times 
(pre-post1, pre-post2, and post1-post2.   The last column of Table 4 gives an indication of 
retention over the holiday break.  
  

Table 4: Cohort 1 Change/Gain Scores

e analysis of the distribution of lear

 test as EC tudent) and c
te

 

 
 

 
Pre - Post 1 

 
Pre - Post2 

 
Post1 - Post2 

    
N 26 26 26 
    

<g> 0.07 0.09 0.02 
    

gave 0.04 0.06 -0.03 
    

σgi 0.32 0.27 0.31 
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Table 5: Cohort 2 Change/Gain Scores 

 
 Pre - Post1 
  

N 16 
  

<g> 0.09 
  

gave 0.06 
  

 
To give another perspective on the learning gains, histograms for the learning gains are plotted in 
Figure 1 and Figure 2 for the two cohorts of students summarized in Tables 3 and 4. 

σgi 0.28 
  

Distribution of Gains for Cohort 2
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Figure1 :  Distribution of normalized gains for Cohort 1 
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Figure 2: Distribution of normalized gains for Cohort 2 
 

e
 the ECE 201 

ese numbers are quite 
uring the course.  According to Hake, “high-g” courses 

 (<g>)>0.3, and 

tudents had 
e <g> value down. 

re taught using the 
ngagement” 

sts for cohort 1.  
Christmas break, 

e questions chosen for the very first alpha version of the 
 of the students’ 

 indicated difficulties in some questions by most of the students, whereas the 
majority of students answered some questions correctly.  It is possible that the more 

ely. 

a version of the 
ery little improvement in average test performance between students 

y of a circuits II 
co ing of circuits 2 
cou ate even smaller 
imp  from a research 
on ar, the following 
possibilities should be considered: 

d by the team of 
ncepts for a first 
estions, with the 

uit theory, of minimizing redundancy, and 
attempted to scale questions for medium difficulty level.  It is possible that the test was 
too difficult.    

 
2. The students may not have been sufficiently motivated to excel on these tests.  Although 

the students were given some credit for taking the test, it is likely that some students did 
not take the test seriously.  However, it does not seem likely there would have been a 
systematic difference between the test given to the beginning group of students, and those 
students nearing the end of their formal study of circuits. 

Th  above results show that: 
• The average normalized gain <g>, between the pre- and post- tests I, for

course was 0.07 as compared with 0.09 for the ECE 202 course.  Th
low indicating a little or no gain d
are those with (<g>) > 0.7, “medium-g” courses are those with 0.7 >
“low-g” courses are those with (<g>) < 0.3. 

• From the histograms, it can be seen that a significant population of the s
negative or zero gain, thereby bringing the averag

• Another reason for the low values of <g> could be that the courses we
traditional methods of instruction in the classroom and no “Interactive E
methods were employed during the teaching of these courses. 

• The <g> values increased from 0.07 to 0.09 for the post 1 and post 2 te
This indicated a small improvement in the student performance over the 
when no instruction was provided. 

• It also appears that although th
diagnostics tests covered the intended topics, a quick overview
performance

difficult questions should be rewritten. 
• The gave values for the two groups of students are 0.04 and 0.06 respectiv

 
6. Discussion of Results: 
 
The key observation from the results given above is that for the current alph
instrument that there was v
in the first few weeks of a circuits 1 course (42%) and students on the last da

urse (55%).   Results for the other two cases (end of circuits 1 course, beginn
rse) are within this small range.  The <g> values for matched data indic
rovements.   Although this is not the result we had anticipated or hoped for,

educational methods perspective, the results are very interesting.   In particul

 
1. Despite our best efforts, it is still possible that the concept test constructe

electrical engineering faculty is not an appropriate test of fundamental co
course in circuits.   However, the committee did carefully evaluate all qu
goals of covering the basic concepts in circ
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3. It is possible that our current coverage of circuit theory, which we be

conventional and standard approach, simply does not work well in ter
lieve is a fairly 

ms of improving 
students’ grasp of the fundamental circuit concepts.  It is this last possibility, although a 

mbination of the 
onsideration the 

relatively small number of data points obtained thus far.  The mean values did trend in 
in terms of more advanced students generally scoring somewhat 

higher. 

agnostics test for 
 course in circuit 
obtained indicate 
g the important 
his is of obvious 
tional groups of 
er similar tests10 
g-term, we plan 

 similar courses) 
s test will be administered 

lum to measure 
orcement from 

d the distracters 
ll 2003.  With the beta test 

faculty in other universities will be sought to administer the test and to report the data. 
 

k reported is a part of our long-term plan for the development and implementation of a 
ment instruments 
ed that this work 

 to the development of test instruments that aid student learning. 
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big source of concern that seems most likely.    
 
4. It is likely that the real interpretation of the results should be some co

above three factors. The results must also be considered taking into c

the right direction, 

 
7. Conclusions and Future Work 
 
This paper presents the preliminary results of an alpha version of a concept di
assessing student understanding of the fundamental concepts for an introductory
theory in an electrical and computer engineering program.  Preliminary results 
that our students are not improving by a significant amount in graspin
fundamental concepts in circuit theory as they progress through the program.  T
concern.  Further work is planned to continue to administer the test to addi
students, and refine the test questions if necessary.  We are also considering oth
that have been developed and will possibly incorporate parts of them.  In the lon
to work together with other colleges (for example community colleges offering
and also to offer tests for other topics in the ECE program.  The circuit
to the present cohort of students at other time times in the overall curricu
retention of concept information over time as well as the degree of concept reinf
other courses.  Also, we need to do more analysis of the test questions an
(incorrect answers).  The test will evolve into a beta version by fa

The wor
methodology to dynamically schedule and integrate currently available assess
that assess multiple dimensions of learning with multiple resolutions. It is believ
will eventually lead
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