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STUDENT MISCONCEPTIONS IN SIGNALS AND SYSTEMS AND THEIR
ORIGINS

Reem Nagr Steven R. Hall and Peter Garik

Abstract— We report on our ongoing investigation on stuand whose meta-purpose is to determine whether a rigorous
dent misconceptions and their origins within the Signals astludy is in fact required to determine student misconceptions,
Systems module taught in the Department of Aeronautitsvhether more informal means (such as mud cards) can yield
and Astronautics at the Massachusetts Institute of Techrtble same information.
ogy. Signals and Systems, as taught in Aeronautics andThe Signals and Systems module, as taught in the De-
Astronautics at MIT, consists of two parts. The first pagpartment of Aeronautics and Astronautics at MIT, involves
offered in the Fall semester, covers introductory linear citearning concepts and algorithms for the analysis of linear
cuits; the second part, offered in the Spring semester, covelectrical circuits and generic continuous-time, linear, time-
the analysis of generic continuous-time linear time-invariaivariant systems. As a discipline, signals and systems is in
systems. During Fall 2002, we conducted clinical intervieveslarge part detached from daily experience and significantly
to assess student understanding of introductory linear circuissnbedded in abstract mathematical modeling. Despite the
Fifty-four sophomore students enrolled in Signals and Systambiquity of electricity in everyday life, electrical circuitry re-
volunteered to take part in this study. The interview transcriptsains, even in its simplest structures, significantly abstract for
were analyzed, physical and mathematical misconcepti@igdents to comprehend. Even after repeated instruction, basic
were identified, and their sources were examined based ebdectricity concepts such as potential, potential difference, and
diSessa’s theory of intuitive knowledge, and Chi and Slottaapacitance continue to be stumbling blocks for students. Fur-
ontological categorization. In this paper, we report on ouhermore, signals and systems relies heavily on higher-level
results and suggest how this understanding can be usednathematics, especially calculus and differential equations.
develop more effective pedagogical instruments designedstadents generally find difficulties and hold misconceptions
enhance student learning. in these mathematical domains [1, 2]. These could hinder the
) ) . understanding of signals and systems by feeding into physical
Index Terms — Active learning, signals and systems, Njgisconceptions and by constraining a valid transfer between
conceptions, phenomenological primitives, ontological caigre physical model and its mathematical representation. It is
gorization. thus of interest to undertake a structured and in-depth inves-
tigation of students’ misconceptions in signals and systems
I and their physical and mathematical cognitive resources that
NTRODUCTION generate these misconceptions.

Since 1999, professors in the Department of Aeronautics andThe physics education literature contains a wealth of
Astronautics at the Massachusetts Institute of Technold§pearch on students’ conceptual understanding in varied
(MIT) have been implementing active learning techniqué@mains, such as mechanics, thermodynamics, optics, and
(e.g, concept tests, muddiest-point-in-the-lecture) to supp8Hectricity [3]. For instance, considering the physics domain
student learning. (See, for example, [14].) One of us (Hall) ha@rtinent to this study (electricity), numerous studies have
been using active techniques in the Signals and Systems nRRgn conducted to elucidate student understanding of simple
ule taught in the department. However, one of the difficulti§4ctric circuits. Some of the misconceptions and difficulties
we have encountered is that there is little scholarly literatftat have been documented include: Failure to differentiate
on misconceptions in the signals and systems discipline. TR@§ween concepts of current, energy, and power, and potential
had made it difficult to develop effective active learningnd potential difference [7]; Belief that current flow is a
materials, such as concept tests, that depend on understar@fifyential process that has a beginning and an end [4]; Belief
typical student misconceptions. Some misconceptions ¢Bat current gets used up as it flows through the elements in a
be uncovered in the field, in the course of normal teachifjcuit [5], [7]; Belief that the current through a given circuit
activities, or by student responses on mud cards. However, gigment is not affected b_y the circuit mod_|f|cat|on introduced
unclear whether these techniques are powerful enough to @fer that element [4]; Belief that a battery is a constant current
cover important misconceptions that inhibit student learnirgpurce [5, 6]; Misinterpretation of Ohm's law [5, 6]; Failure
Therefore, we undertook a more rigorous study whose purpfa&ecognize that an ideal voltage source maintains a constant
is to determine student misconceptions in signals and systeRg$ential difference between its terminals [7]; and Difficulty
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identifying series and parallel connections [7]. the p-prim relating intensity with proximity: closer means

In contrast, little research has been done on student nsigonger. Students abstract this conceptual resource from a
conceptions in engineering disciplines. Particularly for signalsmber of daily phenomena, such as the closer you are to the
and systems, only Wage et al.’s [8] work-in-progress has besgreaker the louder the music, or the closer you are to a bulb
documented in the engineering education literature. the more intense is the light [11].

Moreover, a large portion of the studies on misconceptions Another theoretical framework that has been proposed to
has sought merely to identify student misconceptions. Setitraccount for the origin of student misconceptions is Chi and
al. [9] argues that research that simply documents misconc8pntta’s [13] theory of ontological categorization. Chi and
tions in another domain will not advance our understandir§jpotta concur with many of the major assertions of diSessa’s
and that it is imperative to redirect the emphasis in reseathkory; however, they challenge diSessa’s premise that intu-
from simply documenting misconceptions to investigatiriive knowledge (phenomenological primitives) is fragmented.
their genesis. They attempt to extend his theory by adding another cognitive

In this paper, we discuss the theoretical frameworkgmension of ontological categories that would provide coher-
grounding this investigation on student misconceptions asce and structure to intuitive knowledge.
their origins. We describe our methodology and present Chi and Slotta’s theory is based on an epistemological
our analysis of the data collected in Fall 2002 on studgremise that all entities in the world can be classified into
understandings of linear electric circuits. Finally, we concludatological categories according to their ontological attributes.
by drawing implications for pedagogy. Their theory accommodates phenomenological primitives as

instances that reflect ontological attributes. Chi and Slotta pro-
pose three primary categories: matter, processes, and mental
THEORETICAL FRAMEWORK states, and within each of these categories, they structure a

The origin of student misconceptions lies in the context g*e?L?r;{wgfssigﬁg:gieggqﬁzt[fg&isconce tion is the product of
other coexisting ideas or what Strike and Posner call a “con: 9 P p

ceptual ecology” [10]. They define a conceptual ecology relegating a concept to an inappropriate ontological category.

C g o : : ce a concept is misclassified under a category, it becomes
consisting of such cognitive artifacts as analogies, metapho@%oCiate d with that category’s pool of ontological attributes

epistemological and metaphysical beliefs, scientific concfﬁ—

tions and misconceptions, and knowledge from other ar é]' For example, student misconceptions feg?‘f‘.’“”g the
concept of heat are the result of students classifying heat

of inquiry. Smith et al. [9] and Hammer [11] referred tOas: a material flowing substance that can be “blocked” or

these components aes_qurcesmeaning ‘any feature qf th?“ tained” rather than as a process of molecular excitation
learner’s present cognitive state that can serve as signifi @F “Blocking” would be the p-prim that corresponds to

input to the process of conceptual growth” [9]. Accordin X . . g PR
to Strike and Posner, all elements of a conceptual ecolg 3? ont_ologlcal_attrébu'gehorr] vert:)al predlcatel blocks,” which
are in constant interaction either hindering or supporting dpurniis associated with the substance ontology.
individual's learning, depending on their character. Based on
Strike and Posner’s theory, this study aims at characterizing the METHODOLOGY
components of students’ conceptual ecologies that hinder their
learning of signals and systems and generate misconceptidfa: this study, clinical interviews were the primary mode of
One of the prominent frameworks on the origins of misaquiry we used to probe students’ understanding of Signals
conceptions that have been proposed in the science educatimhSystems. Interviews are a powerful method for capturing
literature is diSessa’s [12] model of intuitive knowledgehe crucial characteristics of a person’s knowledge and the
According to diSessa, naive conceptions are the product dfuddity of his or her thinking [16]. They are generally
fragmented set of primitive mental constructs that he gdies recognized as the most effective means for understanding a
nomenological primitivesor p-prims. These are fundamentaubject’s state of knowledge.
pieces of intuitive knowledge developed as a result of one’s Signals and Systems is a part of a larger fundamental
experience with the world. They are context-free construeisgineering course, Unified Engineering, that is offered as
that are abstracted from prior experience and employedataequirement for sophomore students in Aeronautics and
rationalize other phenomena. According to diSessa, a miscAstronautics Department at MIT. Signals and Systems, as
ception is generated by faultily activating a p-prim, or a set tZught in Unified, consists of two parts: The first part, covered
p-prims, in the inappropriate context. during the first five weeks of the Fall semester, involves the
For instance, when asked to explain why it is hotter amalysis of linear electrical circuits. The second part, offered
the summer than it is in the winter, many students reasduying the last eight weeks of the Spring semester, involves
based on their knowledge that the earth orbits ellipticallige analysis of generic continuous-time linear systems. There
around the sun, that this is the result of the earth beiage a total of approximately 40 one-hour lectures in Signals
closer to the sun during the summer [11]. It is possibéad Systems. Students enrolled in Unified are required to
that this misconception is not existent in the students’ mintd&ke a course in differential equations prior to or during the
prior to asking the question, but that the students intuitivaiall semester of their enroliment in Unified. Also, the course
construct it at the instant the question is asked by misapplylgysics Il is a prerequisite to Unified. Physics Il is an
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introduction to electromagnetism and electrostatics. Consider the circuit below:
In Fall 2002, oral problems were introduced as part pf
the requirements in Signals and Systems. The students were
divided into four cohorts, and were interviewed individually
over the course of four weeks. The students in each cohort
worked the same problem. Each student was scheduled| for
a one-hour oral problem session. During the first half hour,
the student was given the problem statement, and allowed to
prepare a preliminary answer in private. During the secong,{,herev1 —3V,Ry =30, Ry =69, Ry =29, and
half hour, the student sat with the course instructor, whe, — 10 v.
probed his or her understanding of the problem. All 70
students enrolled in Unified Engineering were required [to
do one oral problem. The 54 students who volunteered|to
participate in this study had their oral sessions audio-taped 2. Which elements dissipate or absorb power? Which

1. Find the voltage across each element, and the cufrent
through each element.

and/or video-taped. elements supply power? Explain.
In this paper, we will report only on our analysis of student
responses to the first and third problems. These two problems FIGURE 1. ORAL PROBLEM 1.

were selected because they elicited the most serious math- . . .

ematical and physical misconceptions. The interview tran-F+ Even with the plus and minus sign here.

scripts were analyzed by coding students’ misconceptions an&: Yes.

difficulties in physics and mathematics and identifying their ;g particular misconception is one of the few that we

sources. The sources that were identified generally involygy correctly predicted would appear in student interviews.
students’ ontological perceptions of the various physical cqQRgeed, using the muddiest-point-in-the-lecture method of
cepts, and other cognitive resources such as phenomenologigadtelier [15], we had previously seen this misconception

primitives or ontological attributes that elucidate St“demé’(pressed in student “mud cards” As a result. the lectures in

ontological perspectives. Unified emphasized the correct meaning of the signs. Despite
this treatment, the misconception persisted, indicating the
RESULTS resilience of this particular misconception.
Students were taught two (equivalent) procedures for solv-
Oral Problem 1 ing circuits using the node method: In the first method, a

Oral Problem 1 is shown in Figure 1. The problem tesptudent expresses Kirchhoff's current law at each node_ with
students understanding of simple linear resistive networks.Uknown voltage in terms of the current variables according to
the interviews, students were asked to explain their gendhg assigned sign convention. For Oral Problem 1, the resultis
approach to the problem and to explain the meaning of the ) ) _

equations that they used. Students exhibited difficulty with —iz +i3+i4 =0 1)

the meaning of standard sign conventions, proper application

of the node method to solve the network, and the meaningT6\e student then expresses each current using the appropriate

potential. constitutive law (Ohm’s law for resistors), in terms of known

By convention, the plus and minus signs on the resistor<gpd Unknown node potentials. Fo_r this problem, most students
the circuit of Oral Problem 1 daot indicate which terminal l2b€led the bottom node connectitig £, andVs as ground,
of the resistor is at the higher potential. Rather, the sigdd the node connecting the three resistors, asn terms of
indicate how the potential is to be measured across the residft§t Potentials, the node equation becomes
For example, if the potential of the positive terminalfef is B ~0 B
lower than the potential of the negative terminal, therwill _htaLa La-% _ 2)
be negative. However, some students believe that regardless of Ry R Ry
the reference polarity assigned to a circuit element, the voltage
across the element must be expressed as a positive numbef‘[jtr
seen in the following exchange:

In the second approach, students apply the “near-minus-
Aule. That is, they immediately write the current flowing
out of a node through a resistor as the potential of the near
Student: Well, it's [the voltage acro$g,] 4 volts because terminal of the resistor minus the potential of the far terminal,
you can’t have a negative voltage. It was negative becausall divided by the resistance. In this case, the node equation is

| was doing it with relation to the node. then

Professor: But for example, if this were not just a a-wn_ a-0 a-vu_, ©)

homework problem but an exam, and | said write in the Ry R R4

space belowd, = ...” what would you put there? which is the same as Equation (2).

S: Then | would work it out on some scratch paper and A commonly committed error was the application of the

then | would put 4V there. near-minus-far rule with an incorrect interpretation of the sign
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convention, typically resulting in the (incorrect) node equatiorConsider the circuit below:

e1—v1 e —0 e —ws e
— + +

= 0. 4
Ry Rs Ry @) Y
Some students had difficulty recognizing that the resulting o * Cy

node equation, using either approach, is independent of {the - - -
labeling of the+/— signs in the circuit. Instead, students
often conflated the two approaches, leading to sign errorg as L
in Equation (4) above. When students were asked to explali

ain
- S - - whereCy, = 1F,Cy, =2F,C3=1F, R, =1, and
why they had a minus sign in front of the first term in the rR5 _ 1 Q. Please be prepared to answer the following

(incorrect) node equation, this confusion was evident: Lo
guestions:

S: iy was going into the node, so | was summing all the
currents out of the node, g9 would be negative.

P: So why did you write inside the parentheses- v, ?
S: I guess because | was thinking near minus far.

1. Find a set of differential equations that describes|the
node voltages as a function of time.

2. Find the characteristic values of the system.
3. Find the characteristic vectors of the system.

and
_ , o o 4. If the initial conditions are); (0) = 4V, v3(0) =
S: The minus, it's going in the opposite direction as the 0V, andus(0) = 0 V, what ise, (1)?
i> here, so that's where | get the minus for that. And here ' '
too, it's going from plus to minus out of the node. So FIGURE 2. ORAL PROBLEM 3.

that's where | get the plusses from. ) ) ]
vidently, these students ascribed an incorrect ontology to the

The near-minus-far rule was introduced to Simp"fythetagéncepts of potential and pressure. They dealt with these
of producing node equations. Indeed, if applied correctiyyncents not as scalar fields but as “stuff” or substance-like
the method does significantly reduce the effort required dsities that could be pushed and accumulated. This is
generate node equations. However, students had difficylifected in the way they utilized two ontological attributes:

applying the rule correctly, especially whery — signs were ﬁotentiallpressure can be “pushed,” and potentials/pressures
shown on the circuit. Anecdotally, we can report that students, , up,” which in turn correspond to the p-prims “pushing”

had less difficulty when the-/— signs were left off the circuit 5,4 «
diagram. Apparently, the signs provide a strong (and incorrect)
cue to some students, even when they can correctly apply the
procedure in the absence of the signs.

Students who incorrectly applied the near-minus-far rule Oral Problem 3

found the node equation to be as shown in Equation (4). Thegg proplem 3 is shown in Figure 2. The question tests stu-
students found; to be 12V. This result cannot be correclyonis ynderstanding of capacitive networks, and their ability to
Given thatl; = 3V, V5 = 10V, and that both sources havgyeermine the differential equations that describe the evolution
their negative terminal connected to ground, it is not possiiihe circuit over time. During the interviews, students were
(in aresistive network) for the potential anywh_ere "? the circlityed to explain their mathematical approach to solving this
to be greater than 10V. When pressed on this point, studeiisniem and to qualitatively describe the physical behavior of

constructed the erroneous idea that "potential accumulatesiHg circyit as it evolves from its transient state to its steady
physically explain their solution. When asked whether it |50

plausible to get 12 volts somewhere in the circuit, one student Despite the complexity of the problem, many students

accumulation,” respectively.

responded had the correct answer to the problem as formulated when
S: It seems like you could ... It seems like the voltagesthey arrived at the interview. Nevertheless, some of these
could sum ... | guess the maximum would be 13 volts. students were unable to give a valid qualitative description

of the transient behavior of the circuit. First, some students

ﬁigog?]izvztﬁdﬁgv\l%%?aﬁg rFr?isilwalitee(rj_f'lﬁ\g :rr]]zllggy é%:);gl ldre unable to relate the characteristic values and vectors
' ’ pp 9y ﬁ%y obtained to the physical behavior of the circuit, and

incorrect understanding of the concept of pressure, wh nce they were not used as a resource in constructing their

hindered a correct iransfer to the voltage concept: physical analysis of the system. As one student commented,
S: You got stuff converging this way and pushing pressure‘lt's one thing to do the math and another thing to actually
on both ends toward the node there ... THi§][is understand it.” Second, some students had an inadequate
pushing, you know, adding potential this way and this understanding of the concept of potential. As discussed eatrlier,
[V5] is adding potential this way ... so | was thinking they did not construe the potential as a field, but rather as
you might end up with a higher [potential] ... if you just a substance-like entity. This is evident from the ontological

add them you just end up with 13 . .. attributes they ascribe to “voltage” that are manifested in
students’ explanations as p-prims.
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A typical misconception that was elicited in studentgrimitive or the substance attribute of “particulate motion.”
reasoning is that voltage is conserved. For instance, consilgain, students seem to conflate the field-concept of voltage
the excerpt below: with the substance-concept of charge and to construe voltage

. ; ; ; as a measure of a quantity of charge.
?3' gripﬁglt(;;;rsetgeﬁ? gﬂﬂg Eﬁ;g;#g:giiggg{g one Other students reasoned that the voltage dissipates and that

will disperse throughout the circuit o, andCs. And in steady-state the voltage across the capacitors is zero:

at steady state, they all should be equal since they're all S: | know that this (U] is going to dissipate the voltage

in parallel ... So that means you're going to take 4V  because there is no voltage source and there are two
from C; and disperse it across three different capacitors resistors, but first it should initially charge u@, and
equally. So at steady state, they should be at four-thirds C3 ... And then eventually over time it should all be
for each one. dissipated in the resistors.

This misconception is the product of the activation of tHa the absence of a source that would continuously sup-
“conservation” p-prim. Students seem to have overgeneralipdyg voltage, the students intuitively appealed to the p-prim
an otherwise useful concept when applied to other physitdissipation” or what diSessa refers to as the “dying away”
guantities such as mass, energy, and charge. Their attribupamitive. Again, students drawing on this p-prim construe
of “conservation” to the concept of voltage is due to thewoltage as a substance-like entity that gets dissipated as energy
ontological misclassification of voltage as a substance. in the circuit:

Students who prgsented this argument did not appeal ¥ The charge, the voltage ... ends up leaving the circuit
the law of conservation of charge. They were encouraged tq, :

. X . . . ; s heat through the resistor.

reconsider their reasoning by bringing to their attention the

fact that capacito€, has a larger capacitance th@ or Cs. All of the above misconceptions about the concept of
This elicited another misconception that voltage is directpltage suggest that the notion of a *field” forms an onto-
proportional to capacitance: logical obstacle for students. They apparently have difficulty

S: That means the [second] capacitor would have twiceunderstanding the nature of scalar fields, such as “potential”
th.e voltage as [capacitors] 1 and 3 and_ “pressure.” When one of fche_ students_was asked to
' define voltage, she could not qualitatively explain the concept.

Students directly appealed to simple linear reasoning withdastead she sought to construct a definition of voltage from the

referring to the concept of charge or to the constitutive ldarmulag = C'v. She defined voltage as that

g = Cv. The p-prim “more capacity means more is stored” S

was misapplied in this situation. Instead of invoking the —°

concept of charge, the students incorrectly employed the’

concept of voltage. Again, this is due to a misunderstandingrd#r definition did not go beyond the mathematical depen-

the concept of voltage resulting from an incorrect ontologic@¢nce indicated in the equation. Students do not construe

conception of voltage. Rather than construing voltage ayaitage (potential difference) as a difference of scalar potential

field, the students seem to understand voltage as a meab@tgeen two points. This results in their drawing on their

of a quantity of charge. extant cognitive resources of phenomenological p-prims and
Further, these students’ reasoning indicates that studeittological attributes that are essentially associated with the

intuitively focus on two variables in their analysis. They d@miliar substance ontology, and hence with the fundamental

not simultaneously invoke all the concepts of current, chargégctrical substance of charge.

voltage, and capacitance and their interdependence to analyzdhe constitutive law for a capacitor may be written as

the system. For example, they did not realize thai i twice either

e1 andes then there will be current flow and the valuescof ) dv

e2, andes will not remain constant. When students were led i=Com or g=Cv ®)

to realize the flaw in their reasoning, they expressed another

misconception that voltage can flow and be exchanged am¥figre C is the capacitancey is the voltage across the
circuit elements: capacitorg is the charge on the capacitor, ang dg/dt is the

) ) current through the capacitor. Generally, students were able to
S: Well it would seem that they're almost going to apply these equations correctly to determine the differential
continue feeding each other, the capacitors. [The voltagebqguations that describe the time evolution of the circuit. How-
starts off on the one capacitor with these at zero andgyer, when using the constitutive law to explain the behavior
then it starts to flow and it increases each of the otherqf the circuit, many students applied the law incorrectly, often
capacitors’ values ... but also it's flowing out of them consjdering only two of the three variables in the law. For
as well at the same time. And they're going to continue example, some students reasoned that in steady-state, the
almost exchanging the voltage. voltage acros€’, must be less than the voltage acrdss

The way students use the predicates “flow” and “excharfince C- is greater tharC;. These students focused on the

ing” manifests their implementation of the phenomenologid#lationship betweex' and v, implicitly assuming thay is
the same for all capacitors. In fact, the correct principle to
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use is that, almost by definitiomp/d¢ = 0 in steady-state, ontological attributes that students appeal to when talking
so that the steady-state current through any capacitor is zatmut a particular concept, we could derive the various possi-
Because of the topology of the circuit, this implies that therelie misconceptions that students tend to invoke in a specific
no current through any resistor, and hence the voltage acramscept domain. These could then constitute the set of
each resistor is zero, and the voltage across all the capacitiisracters for a concept question in that domain.

must be the same. Thus, the charge(ns greater than the
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