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We conducted a study with introductory and upper-division level physics students in a Mexican and a
Spanish university to learn how students recognize the main characteristics of the electric field in three of its
more widely used representations, namely, algebraic notation, vector field plot, and electric field lines, and
how the students do conversions of them. The students’ abilities to recognize the three representations of
the electric field and do conversions gave insight into their understanding of this concept. We used the
theory of registers of semiotic representations as a framework to analyze the data. Our results showed that
the direction of the conversion is an essential factor in determining the students’ success in performing
conversions of electrical field representations. We found close synergy between the vector field plot and the
algebraic notation of the electric field. However, we found that the conversions that involve electric field
lines do not present synergy. The electric field lines representation is especially difficult for students, both
as a source and as a target representation, specifically, the interpretation and representation of the
magnitude of the field through the density of field lines. We recommend that teachers and researchers of
electricity and magnetism be more conscious of the difficulties that some conversion tasks may present to
their students. We specifically invite instructors to be attentive to how they approach the representation of
electric field lines and be explicit when performing conversions that involve electric field lines.
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I. INTRODUCTION

Understanding the concept of field is a crucial step in
developing a Maxwellian perspective in the study of
electromagnetism. Previous studies have emphasized the
importance of adopting a Maxwellian perspective for
addressing students’ confusion between forces and fields
as well as other difficulties related to the understanding of
field theory [1–3]. In electricity and magnetism courses at
the undergraduate level, field theory plays a significant role
in understanding interactions at a distance, which is first
introduced through a Newtonian worldview (i.e., using
Coulomb’s law) and, subsequently, through a Maxwellian
viewpoint on the concept of the electric field. Several
studies have identified the major difficulties that students
have understanding the concept of an electric field [1–6],

such as confusing forces and fields [1,2,7], failing to apply
the superposition principle of electric fields [8–12], and
misinterpreting the representations of electric fields [11–23].
In physics education research, the role of multiple

representations in developing students’ problem-solving
abilities has been widely studied [24–32]. The literature has
focused on representational use for problem solving and its
differences between experts and novice users. It has been
found that student performance in solving physics prob-
lems depends on representational format [24,25] and the
particular combination of representations, its relation to the
topic, and students’ previous knowledge [26]. Students
apply different problem-solving strategies that depend on
the format in which the problem is represented [27]. It is
essential to involve students actively in representational use
so they can choose appropriate representations consistently
and coordinate their use with other representations [28].
However, the effect of representational use on students’

understanding of abstract concepts has not been explored
in the context of the electric field. For this, the theory
of semiotic representations [33] creates a direct link
between the students’ abilities to transform semiotic
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representations and their conceptual understanding of the
abstract object represented.
In this article, we explore the role that using multiple

representations may have on undergraduate students’ con-
ceptual understanding of the electric field. For this objec-
tive, we focus on the transformations among the three most
widely used representations of the electric field in intro-
ductory physics textbooks, namely, the algebraic notation,
the vector field plot, and the electric field lines diagram.
We conducted a study in Mexico and Spain among
introductory and upper-division level students enrolled in
electricity and magnetism courses. The objective was to
explore their abilities to transform between the mentioned
representations of the electric field with a set of six open-
ended questions that focus on a conversion task and their
explanations. We analyzed the data in light of the primary
sources of difficulty expounded by Duval [33], namely,
recognition and conversion.
We have organized this article as follows. In Sec. II,

we review the main literature that covers the use of
representations for problem solving and the conceptual
understanding of the electric field and its associated
representations. In Sec. III, we introduce Duval’s theory
of semiotic representations as the theoretical framework,
and we define the representations of the electric field
that we consider in this study. In Sec. IV, we explain the
methodology and data analysis in detail. In Sec. V, we
present the results, followed by the discussion in Sec. VI. In
Sec. VII, we conclude with a summary of the results and
their implications for teaching.

II. PREVIOUS STUDIES ON CONCEPTUAL
UNDERSTANDING OF THE ELECTRIC FIELD

AND ITS REPRESENTATION

A. Conceptual understanding of the electric field

Students have ontological and epistemological difficul-
ties grasping the concept of the electric field as part of the
Maxwellian model. Instead, they tend to stick to a Coulomb
perspective and to the Newtonian model of action-at-a-
distance to explain electrical interactions [1]. They tend to
think of the electrical nature of matter as a fluid that moves
from one charged body to another [4,34], and they confuse
the concept of the electric field with electric force [1,2,7].
Students have difficulties changing from the Newtonian
(based on Coulomb’s law) to the Maxwellian perspective
(based on fields) to explain the concept of an electric field,
which could be due to an immature understanding of the
electric and magnetic field as vector fields [3]. Most
students do not have a coherent model for the character-
istics of the field, changing back and forth between
Newtonian and Maxwellian perspectives [2]. Students
often have difficulties relating the concept of an electric
field to its effects of charge induction and polarization in
matter. For example, they use linear causal reasoning when

associating the existence of an electric field with the
distribution of charges or to electric current in dc circuits.
Instead, they should try to understand the macroscopic and
microscopic effects [5]. They also fail to consider the
conditions of electrostatic equilibrium for charge induction
in conductors [6].
Viennot and Rainson [8] found that students fail to apply

the superposition principle in isolating materials, and they
associate the existence of an electric field to the movement
of charges. This idea affects the correct application of the
superposition principle [9]. Many students do not differ-
entiate between the contributions of individual charges to
the electric field and the net electric field, and some
students believe that only the nearest charge contributes
to the electric field at a point [10]. Students perform better
using the superposition principle for the electric force than
for the electric field [11]. Some students think that the
electric field produced by charges in a straight line is
blocked and that the field cannot be zero if there are only
positive charges present [12].

B. Difficulties associated with representations
of the electric field

Rainson, Tranströmer, and Viennot [9] reported that an
incorrect interpretation of mathematical relations results in
students having difficulties in applying the superposition
principle of electric fields. Albe, Venturini, and Lascours
[13] found that the use of mathematical formalisms is
difficult for students and that they do not relate the concepts
with physical models. Even junior engineering students
find it complicated to relate mathematics calculations to
the physics ideas, to consider spatial situations when
performing calculations, and to access the appropriate
mathematical tools, which results in several difficulties
in upper-division electricity and magnetism [14,15].
Barniol and Zavala [35] studied students’difficulties when

using the unit-vector notation and when translating to the
graphical representation. Other studies have investigated
students’ difficulties translating from an algebraic notation
to a vector field, precisely, in the dot product and the cross
product calculated in electromagnetism [16,17]. Furthermore,
Bollen, Van Kampen, Baily, Kelly, and De Cock [36]
designed a test to identify students’ difficulties in switching
between symbolic representation (algebraic), vector field
plots, and field lines. They found that students have diffi-
cultieswith thevector sumand that theyhave trouble selecting
an appropriate coordinate system when they construct math-
ematical expressions of vector fields themselves [36].
Regarding the difficulties that students have with vector

field plot representations, Knight [37] emphasized that
introductory physics students need explicit teaching on the
use of vectors and practice to familiarize themselves with
the representation. Even though many physical quantities
are vectors, many students do not associate the representa-
tion with the physical concept and its underlying principles.
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For example, after traditional instruction, many students
have difficulties understanding the vector nature of
Newton’s second law, relating forces and movement, and
adding or subtracting vectors efficiently [38]. It has also
been found that students have difficulties understanding the
graphical properties of vectors, such as magnitude and
direction, and the components, as well as the procedural
properties like sum, negative scalar multiplication, and
cross product [35].
The superposition principle may be difficult for students

due to a lack of abilities and experience with the graphical
representation of vectors. The graphical superposition of
vectors is a problem for introductory physics students, even
when they undertake the electricity and magnetism courses
after having exposure to other vector quantities in mechanics
courses [18]. The most common methods that students use
to apply vector sum are the head-to-tail, the components
method, and the bisection [39]. On the other hand, Gire and
Price [19] found that upper-division students studying
electricity and magnetism are more familiar with the use
of vectors, and the graphical representation gives them the
necessary elements to apply the principle of superposition.
We have identified the main difficulties reported in the

literature that students have understanding the electric field
lines diagram. Students tend to treat electric field lines as if
they were real [20], as entities or tubes that transport charge
[21,22], and they confuse field lines with trajectories [23].
Also, students have difficulties distinguishing between
electric field lines, the electric field produced by a single
charge at a point, and the net electric field at that point [12].
The literature reports specific difficulties students have

with interpreting the magnitude, direction, and the super-
position principle in the electric field lines diagram. They
often have difficulties relating the electric field lines
diagram with the magnitude of the field [3]; precisely,
they do not interpret the electric field lines density as the
relative magnitude of the field [20,40]. Students think that
the curve of the electric field lines gives the direction of the
electric field at a position instead of the tangent to the field
lines [12]. Also, the literature reports that some character-
istics and rules of electric field lines diagrams may create a
blocking effect on the correct application of the principle of
superposition [11,40].

III. STUDY

In physics education research, a few studies acknowl-
edge the difficulties when dealing with semiotic represen-
tations [41–44]. Our objective is to investigate students’
difficulties in recognizing the characteristics of the electric
field (i.e., magnitude and direction) in its three more
relevant representations (i.e., algebraic notation, vector
field plots, and electric field lines diagrams) and doing
conversions between them. We aim to relate their diffi-
culties of recognition and conversion to the conceptual
understanding of the electric field at the university level.

Our research questions are
(a) How do students recognize the characteristics of the

electric field in different semiotic representations?
(b) How do students convert between different semiotic

representations of the electric field?

A. Theoretical framework

To tackle the research questions, we use Duval’s theory
of registers of semiotic representations as a theoretical
framework to relate the use of multiple representations to
conceptual understanding. According to Duval [33], repre-
sentation is something that stands for something else, either
tangible objects or ideas and concepts. Representations of an
object can be physical or semiotic. Physical representations
are created through physical devices, like photographs or
measurements. Semiotic representations use symbols, rules,
and associations as tools to represent the object. In natural
sciences like physics, chemistry, and biology, objects are
often representedwith several semiotic systems. The objects
of study in natural sciences are directly or indirectly
approachable, which allows relating each representation
to the object. In contrast, mathematical objects of study are
only accessible through semiotic representations [33].
From a cognitive standpoint, mathematical activity

resides in the use of semiotic representations that allow
the development of mathematical thought [33]. The role of
semiotic representations in mathematical cognitive activity
creates a paradox because, on the one hand, one can only
access the mathematical object through semiotic represen-
tations, and, on the other hand, one should never confuse
the mathematical object with its representation. For exam-
ple, students might interpret the arrows that represent a
vector with the concept of a vector itself. So the challenge
in the learning of mathematics is to dissociate the math-
ematical object from its representations, which can only be
achieved through the use of multiple semiotic representa-
tions of the same mathematical object.
The use of multiple semiotic representations of the same

mathematical object requires transformations, which can be
treatments or conversions [33]. In treatments, the trans-
formation happens within the same semiotic system and
depends only on its symbols and rules. Conversion, on the
other hand, is the transformation between two semiotic
systems without changing the mathematical objects. The
conversion task is more complicated than the treatment
because it requires the recognition of the same object
between two semiotic systems that usually have nothing in
common. Thus, the primary sources of difficulty are the
recognition of the mathematical object in different semiotic
systems and the conversion between them without access-
ing the mathematical object directly.
In conversion tasks, students may recognize the object

in one of the representations, but not as quickly in the
other one, which leads to an inappropriate conversion.
If the object is not clearly identified in one or several
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representations, it implies a difficulty in the conceptual
understanding of the object. It can also be the case that
students recognize the object in several representations
efficiently and are capable of performing a conversion from
one representation to the other but are not able to switch the
direction of conversion. In other words, sometimes students
can convert from a representation A to a representation B
successfully. However, when they are asked to convert from
B to A, the success rate of the task considerably drops [33].
In such a case, it might not be a conceptual difficulty related
to recognition, but the difficulty may arise from specific
features of the representation systems.

B. Definition of representation systems within
the electric field context

Duval’s theory of semiotic representations was devel-
oped for the didactics of Mathematics, and it is based on the
premise that mathematical objects are not directly acces-
sible. In other natural sciences like physics, chemistry,
and biology, the objects of study are accessible through
observation by direct or indirect measurements. Some
physical quantities are not directly accessible, and therefore
may require semiotic representations. The concept of the
electric field is a physical quantity that explains electrical
interactions; it can only be accessed by indirect measure-
ments (such as the electric current in an electric field mill)
and by semiotic representations.
The electric field representation systems that we consider

in this study are typically found in many introductory
physics textbooks [45–48], i.e., the algebraic notation of
the field, the vector plot, and the electric field lines diagram.
The three representations are illustrated in Fig. 1. To
represent the electric field, the algebraic notation of the
field uses vector equations; vector plots use arrows in
different points in space, and electric field lines diagrams
are a set of curves that give a big picture of the field in space.
In the following sections, we define the symbols, rules, and
associations of each of these representation systems.

1. Algebraic notation of electric field

The algebraic notation requires formulas and vector
equations to represent the electric field. The main symbols
are numbers and constants (e.g., ε0, π, μ0, q), operational
symbols (e.g., ¼, þ, −, >), vector coordinates (e.g.,
Cartesian: î, ĵ, k̂), variables (e.g., Cartesian: x, y, z), and
physical vector quantities in the context of electromagnetic
field (e.g., E⃗, B⃗, r⃗). E⃗ represents the electric field; the vector
coordinates with the þ or − symbols represent the
direction; numbers, constants, and variables represent the
magnitude, and operational symbols represent the super-
position principle.
When considering the algebraic notation of the field, it is

essential to acknowledge the rules given by the context,
since any equation of electric field should respect the
physical meaning of Maxwell’s equations, that is, the
divergence of the electric field denotes the presence of a
source of the field, and its curl should be equal to zero in the
static case and related to the time variation of the magnetic
field in the dynamic case. It is related to a function of
electric potential through a negative gradient.

2. Electric field vector plot

The electric field vector plot is a set of arrows located at
different positions that give a broad idea of the electric field
of a system of charges. The symbols are arrows and a
coordinate system. The coordinate system represents the
positions of space where the electric field is. The length of
the arrow represents the magnitude of the field, and the
direction and head of the arrow represent the direction of
the field at that specific location. Vector addition and
subtraction strategies allow applying the principle of super-
position graphically. Each arrow represents the electric field
at a specific location, which means that all arrows are
independent of each other, and they can intersect. The
arrows start at the position where the electric field is
represented and end with the head of the arrow.

(a) (b) (c)

FIG. 1. The three most common representations of the electric field for a single positive charge. (a) The algebraic notation, which uses
algebraic features to represent the magnitude and direction of the field. (b) The vector field plot, which uses arrows in different points in
space, and (c) is an electric field lines diagram.
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3. Electric field lines diagram

Electric field lines are continuous curves that give an
overall visualization of the electric field of a system of
charges. The symbols are the curves and arrowheads. The
density of field lines (or in two dimensions, the closeness
between the field lines) represents the relative magnitude of
the field. The arrow’s head shows the direction of the field
line, and the tangent of the curve at a point shows the
direction of the electric field. It is not possible to apply the
superposition principle explicitly on the same diagram if
the distribution of charges is changed; in that case, it is
necessary to construct a new diagram because both the
density of lines and the curvature of field lines may change.
It is sometimes useful to include other symbols to represent
the sources of an electric field (e.g., small circles to
represent point charges) [40]. As a rule, field lines start
or end necessarily on electric charges, or they extend to
infinity for Coulombic fields, while for non-Coulombic
fields, there is no start or end. Field lines should never cross
since that would imply that the electric field has more than
one direction at the intersection.

IV. METHODOLOGY

A. Instrument

To achieve the objectives of the investigation, we
designed an open-ended questionnaire comprised of six
questions that present a conversion task between represen-
tations of the electric field. Students are asked to convert
between the algebraic notation of the electric field, the
vector field plot, and the electric field lines diagram. The
objectives of the questions are partly based on the vector
fields representations test, an instrument to study students’
abilities to translate between algebraic, vector plots, and
field lines representations [36], but the physical situations
are different because we provide the context of the
electric field.
To avoid a possible influence by the way the conversion

tasks are presented, we divided the test into two parts,
separating the directions of conversion. Figure 2 shows the
distribution of the objectives of conversion on each test.
The two parts of the test were validated by five researchers
in the area of physics education research, who teach
introductory physics or electromagnetism courses in the
upper division, with consensus on the learning goals of
each question. All questions have the objective to study
students’ ability to recognize the characteristics of the
electric field and do conversions between two of three
representations, namely, algebraic notation, vector field
plots, and electric field lines. For further detail, the two
parts of the questionnaire are presented in the Appendix.
The first question (Q1.1 and Q2.1) poses a very large

nonconductive plate of height d with uniform volumetric
charge density ρ along with the plate. Students are given a
three-dimensional sketch of the situation, locating the

middle of the plate at the x-y plane, where z ¼ 0. It then
gives the students the electric field created by this plate in
an algebraic notation that identifies three regions, being
above the plate, inside the plate, and below the plate. In
this question, students do not need to perform any compu-
tations. They only need to convert from the source
representation, i.e., the algebraic notation of the field to
a target representation, which is the vector field plot in
Q1.1, and an electric field lines diagram in Q2.1. They are
given a sketch of a two-dimensional frontal cut of the plate
to facilitate their drawing process. They are also asked to
explain how their target representation is related to the
magnitude and direction of the electric field.
In the second question (Q1.2 and Q2.2), a uniform

electric field is shown in a vector field plot representation in
an x-y plane. The diagram does not show any sources of the
field. The x-y plane is marked with gridlines to allow
students to identify the relative size of the vectors. All
vectors have the same length and angle with respect to the
x and y axes. Students do not need to make any further
manipulations to the vectors like addition or subtraction.
They are asked to convert from the source representation,
the vector field plot, to a target representation, which is an
electric field lines diagram in Q1.2 and an algebraic
expression of the electric field in Q2.2. The students are
asked to explain how their target representation is related to
the magnitude and direction of the electric field.
The third question (Q1.3 and Q2.3) shows an electric

field lines diagram of a non-Coulombic electric field with
concentric circular symmetry that decreases with the
distance from the center. The diagram does not show
any sources of the field, but it explicitly states that the
electric field is non-Coulombic. In this question, the task is
to convert from the source representation, the electric field
lines diagram, to the target representation: an algebraic
expression of the electric field in Q1.3 and a vector field
plot in Q2.3. Students are asked to explain how their target
representation is related to the magnitude and direction of
the electric field. This problem may be complicated for
students because it shows a non-Coulombic electric field
with circular symmetry that decreases with the radius.

Algebraic notation 

Vector field plot Electric field lines 

Q1.1 

Q1.2

Q1.3 

Q2.1
Q2.2

Q2.3

FIG. 2. Distribution of the objectives of conversion in the two
parts of the test. The first part is represented by the inside
counterclockwise arrows and the second part by the outer,
clockwise arrows. The tags correspond to the part of the test
(Q1 or Q2) and the question (1, 2, or 3) that tackles that specific
conversion task.
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Nonetheless, by the time they participated in the study,
both the introductory and the upper-division electricity and
magnetism course students had already received explicit
instruction on the electric field created by time variations of
magnetic fields, mostly on the topic of Faraday’s law.
Therefore, the presentation of the problem was not new
to the students or different from the course contents at
both levels.

B. Participants

We performed a study with 96 engineering physics
students from a private Mexican university and 50 students
from a Spanish university. We selected the students from
Mexico and Spain to observe if there were similar or
different tendencies in both groups of participants. We did
not aim to compare the performance between groups. From
the Mexican participants, we selected introductory and
upper-division-level students to observe the similarities and
differences between groups of participants who had differ-
ent levels of expertise. Of the 96 Mexican participants, 64
had finished the introductory electricity and magnetism
course (Mex-Intro), and 32 had concluded the upper-
division electromagnetic theory course (Mex-UD). The
50 Spanish students (Spa-UD) took the upper-division
electricity and magnetism course in the fall term of 2018
with traditional face-to-face instruction.
The Mex-Intro students took an active learning introduc-

tory electricity and magnetism course in the fall semester of
2017, where they used multiple representations. The intro-
ductory course covers the main topics of electricity, electric
circuits, and magnetism. The course consists of 3 h of class
and 1.5 h of laboratory sessions per week, with a total of
16 weeks in the semester. It takes place in a SCALE-UP
environment. The 3 h of class are a combination of lectures,
peer instruction, problem-solving, and scaffolding activities
[49]. The textbook for this course is widely used for teaching
introductory physics [48]. In the laboratory sessions, stu-
dents use Tutorials for Introductory Physics [50].
The Mex-UD students took the same introductory

electricity and magnetism course in the fall semester of
2016 and the upper-division electromagnetism course in
the fall term of 2017 with traditional instruction. Students
enrolled in this course are in the third year of the engineer-
ing physics degree. The upper-division course refers to the
textbook [51], which is standard for upper-division electro-
magnetism. The course consists of 3 h of lecture per week,
with a total of 16 weeks in the semester.
The Spa-UD students took the upper-division electricity

and magnetism course in the fall term of 2018 with tradi-
tional instruction. The course consists of 4 h of lecture per
week, with a total of 15 weeks in the term. The textbook for
this course is detailed in Ref. [51]. Students in this course
had completed the credits for the first two years and were
specifically studying Electromagnetism II in the third year of
their degree. Moreover, the third-year physics students had

taken an introductory physics course in their first year, which
had included the topics described for the introductory
electromagnetism syllabus and Electromagnetism I in the
second year of their degree [47,51].

C. Data collection

We administered the two parts of the test randomly to all
students, in such a way that each student answered only one
part of the test. The tests were administered in Spanish. We
explicitly told students that their performance on the test
would not impact their grades. Nevertheless, we encour-
aged them to answer the test as best as possible and to
explain their reasoning. To ensure the students’ anonymity,
we explicitly asked them not to include personal informa-
tion, such as their name and last name. The total time to
answer the test was 25 min.

D. Data analysis

We analyzed the data using a qualitative method to
categorize the students’ approach to each question and
considered the sources of difficulty in Duval’s theory (i.e.,
recognition and conversion). The classification of students
into categories was validated by four researchers and
Cohen’s kappa (κ ¼ 0.90) as an interrater reliability indi-
cator [2,5]. The categories are presented in Table I in a
hierarchical order. Category A means that both the recog-
nition and conversion were successful. In categories B
and B0, only the recognition or only the conversion was
successful, respectively. In category C, students made an
unsuccessful attempt to recognize and convert. In category
D, the students did not attempt to recognize and convert, or
their answers were incoherent.
Even though we analyzed all questions with the same

categories, the meanings for each category were different
for each question due to the required type of conversion. To
identify what each category conveys for each question, we
considered all drawings, equations, and explanations that
the students answered. We describe and illustrate the
explanations that the students used to support their answers
and the most common difficulties that they experienced in
recognition and conversion. In this analysis, we did not

TABLE I. Categories based on the primary sources of difficulty
in conversion tasks between semiotic representations. Categories
follow a hierarchical order in which we identified the students’
success of recognition or conversion.

Category Recognition Conversion

A Successful Successful
B Successful Unsuccessful
B0 Unsuccessful Successful
C Unsuccessful Unsuccessful
D Incoherent Incoherent
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focus on category D because it shows a set of incoherent
ideas that do not adhere to any model in particular.

1. The algebraic notation as the source
representation: Q1.1 and Q2.1

In question Q1.1, students were asked to convert from
the algebraic notation to the vector field plot. In this
question, a successful recognition in categories A and B
means that the student interprets the mathematical equation
correctly, identifying that the electric field is 0 where z ¼ 0,
its magnitude increases along the z axis inside the plate,
and that it is uniform outside the plate. The student also
recognizes that the electric field points in the positive
direction of z (upward) when z > 0 and downward when
z < 0. In category A, after recognizing correctly, the
students drew vectors that show the relative magnitude
and direction of the field in all the different regions.
Whereas in category B, they failed to draw vectors
correctly, confining the length inside the plate, or not
showing that the electric field is uniform outside the plate.
For example, a student from the Mexican university in

the Upper-division course (Mex-UD 1), stated that “the
field inside the plate changes when passing through 0, and
its magnitude grows as it moves away from the origin. The
electric field only has a component in z, and outside the
plate, it has a constant magnitude at any point, and with
opposite directions above and below.”We can see from the
explanation and the drawing in Fig. 3 that the student made
a proper and complete recognition of the characteristics of
the electric field in the algebraic notation, but failed to
convert to the vector field plot effectively. The vectors
inside the plate are confined; it seems like they should not
cross the limit of the plate. Neither the vectors inside nor
outside are a good representation of the magnitude of the
field; inside, they do not represent the variable electric field,
while outside, they fail to show that the electric field is
uniform.

Mistakes of this sort were grouped under category B.
Category B0 did not emerge in this conversion task.
Category C focuses on unsuccessful recognition and con-
version attempts. In this category, we classified those
students who did not interpret the mathematical equation
correctly. Explicitly, in the region inside the plate, some
students stated that the electric field is stronger inside
the plate.
In question Q2.1, the physical situation is the same, but

students must convert from the algebraic notation to the
electric field lines diagram. A successful recognition means
that students identify the behavior of the electric field
correctly in their explanations, as in Q1.1. A successful
conversion in category A means that students draw electric
field lines that are equally spaced outside the plate and a
variable, increasingly dense set of lines inside the plate. An
unsuccessful conversion in category B means that students
drew equally spaced field lines outside and inside the plate,
as shown in Fig. 4, or they drew a vector field plot instead
of field lines. On the other hand, unsuccessful recognition
in category C means that the student explicitly stated that
the electric field inside the plate is stronger than outside the
plate, as in Q1.1, and drew a vector field plot instead of
field lines. Category B0 did not emerge in these results.

FIG. 3. The text shown in the figure translates to “There is a very large, nonconducting plate with uniform volume charge density ρ and
height d. The figure shows a section of the plate. The electric field generated by this plate is given by.” The full question is found in the
Appendix. This example illustrates the answer given by Student Mex-UD 1. This student made proper recognition of the algebraic
notation, but a poor conversion to the vector field plot, which classifies the answer into category B for question Q1.1.

FIG. 4. Student Spa-UD 3 made an adequate recognition of the
algebraic notation, but their conversion to electric field lines fails
to depict the magnitude of the field correctly. This was therefore
classified in category B for question Q2.1.
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The example in Fig. 4 shows an electric field lines
diagram that correctly depicts the direction of the field in
all regions, but fails to represent the magnitude of the
field. The student who drew this diagram made a correct
interpretation of the equation: “The orientation of the
electric field lines is k. In the points where z is null, the
electric field is null, and as z grows, the module of E grows
until z ¼ d=2. When z is bigger than d=2 or smaller than
−d=2, the electric field is constant. For z > 0, the sense is
k, and for z < 0, the sense is −k.” However, the student’s
drawing does not show equally spaced lines outside the
plate, nor variable density inside. Note that in some
countries, one can describe the direction of a vector in
terms of orientation and sense, as noted by Nguyen and
Meltzer [18]. Answers similar to this were classified as
category B because it is clear that students successfully
recognized the characteristics of the electric field in the
algebraic notation, but did not convert to the electric field
lines efficiently.

2. The vector field plot as the source
representation: Q1.2 and Q2.2

In question Q1.2 the students converted from the vector
field plot to the electric field lines representation.
Successful recognition in categories A and B means that
students correctly identify that the electric field is uniform
because all the vectors point in the same direction and have
the same length. Regarding the conversion, in category A,
students drew electric field lines in the same direction of the
vectors, equally spaced, regardless of the vectors that the
field lines touched. On the other hand, in category B, we
grouped those students that had difficulties with the electric
field lines diagram. For example, some students joined the
vectors together in continuous lines. In some cases, this is
not necessarily incorrect. However, it can be an indicator
that students do not draw the electric field lines carefully,
considering both the curvature to which the vectors are
tangent and the density of the field lines.
An unsuccessful recognition in category C was that

students confused the density of vectors with the magnitude
of the field. For example, student Mex-UD 15 stated, “The
field lines are in the same direction as the electric field
vectors, and their magnitude is bigger where there are
more field lines,” and drew field lines between the vectors,
as shown in Figure 5. Other students who seemed to
confuse the density of field lines with the density of vectors
would try to “fill the gaps” in the vector plot with more
vectors. This category is noteworthy because it gives an
insight into the deficiencies in understanding the repre-
sentations of the electric field, rather than the concept itself.
In question Q2.2, students were asked to create an

algebraic expression of the same vector field plot as in
Q1.2. In category A, the students made a successful
recognition, and they expressed the field as a sum of
constants in Cartesian unit vectors, relating their answers to

the characteristics of the electric field. In category B, the
interpretation is also correct, but the student used a different
representation system, for example, with a matrix. An
unsuccessful recognition and conversion in this question,
considered in category C, means that students would
express the electric field as a function of variables, either
Cartesian or polar when the electric field is shown to be
uniform and does not depend on variables.
In this question, category B0 emerged because some

students were able to make a conversion without giving
evidence of successful recognition of the electric field in
the source representation. It was common for students to
express the field as a sum of constants in Cartesian unit
vectors without relating their answers to the characteristics
of the electric field. For example, student Mex-Intro 11
gave the expression E⃗ ¼ 4îþ 2ĵ, followed by the explan-
ation, “For the direction, I used “î” and “ĵ”. You can see in
the arrows that they have a component in x of 4 units and
2 units in y, both positive. All the arrows have these
components. Regarding the magnitude, it would be only to
calculate the magnitude of the vector.”
Mathematically speaking, this is a good explanation of

the vector field plot, and the mathematical expression
proposed by the student suffices. However, from a physics
point of view, this student does not necessarily recognize
that this vector field plot is an electric field plot. The student
does not explicitly acknowledge that the electric field
shown is uniform, nor does he or she make any mention
of the electric field in the explanation. This is interesting
because it means that students are so familiar with the
vector field plot and the algebraic notation that they can
move from one to the other without really accessing the
physical object, which is the electric field. Of course, we
are aware that this emerging category has the limitation that
we cannot identify whether or not the student thought of the
electric field and only wrote mathematically. Nevertheless,
it is useful for this analysis to identify those students who
are more comfortable speaking only in mathematical terms
and leaving the physical meaning aside.

FIG. 5. Student Mex-UD 12 showed confusion in under-
standing the difference between electric field lines density and
vector density. They explained that the electric field is stronger
near the vectors, and there should be more electric field lines
between them.
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3. The electric field lines diagram as the source
representation: Q1.3 and Q2.3

In question Q1.3, students were asked to convert from an
electric field lines diagram to the algebraic notation of the
field. In category A, students interpreted the electric field
lines accurately and created an algebraic expression that
includes proportionality constant, indicates an inverse
dependence on the radius, and a counterclockwise direc-
tion. In category B, the equation did not indicate propor-
tionality or a counterclockwise direction.
The difficulties in recognition found in this question

emerged when students tried to associate the electric field
lines diagram with a source. In category B0, the students
would try to associate the field with a magnetic source,
writing an expression that used I and/or μ0 as proportion-
ality constants. This would be a correct conversion, but the
recognition is unsuccessful because, instead of recognizing
the characteristics of the field in the given representation,
students recurred to other memoristic resources like the
magnetic field produced by a linear electric current.
In category C, students would try to associate with an

electric or electromagnetic source. Their conversions
included q and/or ε0 as proportionality constants and
indicated an inverse dependence on r2. Some students
did not make a conversion, explaining that the electric field
shown could not exist, even though they had already seen
non-Coulombian electric fields in the course.
In question Q2.3, students were asked to convert from

the electric field lines diagram to the vector field plot.
Category A includes those students who interpreted that the
electric field decreases radially and that the direction is
counterclockwise and drew enough vectors to represent the
changes in magnitude and direction. We did not find any
students in categories B or B0. In category C, students made
an unsuccessful recognition because they would interpret
that the electric field increased radially and draw vectors
accordingly. For example, student Mex-UD 5 drew the
vectors shown in Fig. 6, correctly interpreting that the

direction is tangent to the field lines, but incorrectly
interpreting that the magnitude of the field increases
radially. In the explanation, the student stated “variable
magnitude and variable direction.”

V. RESULTS

According to the research questions, we present the
results in two sections. The first section focuses on the
difficulties of recognition and the second section on
conversion. In the section of recognition, we present the
analyses for two cases where the difficulties of recognition
were more evident and relevant to this study, namely, when
the electric field lines diagram is the source representation
(see Fig. 2, Q1.3 and Q2.3) and the algebraic notation is
the target representation (see Fig. 2, Q1.3 and Q2.2). The
section of conversion presents a comparison between
conversions in opposite directions (see Fig. 2, Q2.2 VS
Q1.1, Q1.3 VS Q2.1, and Q1.2 VS Q2.3).

A. Difficulties recognizing the electric
field in representations

1. Difficulties of recognition: electric field lines
as the source representation

We present the results for the two questions that have the
electric field lines diagram as a source representation in
Table II. Our results suggest that students who successfully
recognize the characteristics of the electric field in the field
lines diagram can convert efficiently to the vector field
plot and with few difficulties to the algebraic notation.
However, the majority of students have problems rec-
ognizing the characteristics of the field in the electric
field lines diagram, those considered in categories B0, C,
and D (from Table II, about 70% for Q1.3 and 73% for
Q2.3 in average). We found that to convert from the
electric field lines representation to the algebraic nota-
tion (Q1.3), students tried to associate the field lines
diagram with a source, either electric or magnetic,
instead of interpreting the characteristics of the field
from the information given by the representation. This
solving strategy is similar to the behavior observed by
Campos and Zavala [52] when electricity and magnet-
ism professors interpret an electric field lines diagram.
In question Q2.3, the difficulties of recognition are
related to the density of field lines since students drew
vectors that increase in size from the center. This is
further analyzed in Sec. V. B. 2.

2. Difficulties of recognition: Algebraic notation
as the target representation

In Table III, we present the results for those questions
where the algebraic notation is the target representation.
It is interesting to analyze these results because category B0
appeared only when converting from a graphical

FIG. 6. Student Mex-UD 5 interpreted the direction of the field
correctly but the magnitude of the field incorrectly. In this electric
field lines diagram, the field decreases with the radius, which is
shown through the density of field lines. However, the student
represented it as a radially increasing field.
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representation (i.e., field lines or vector plots) to the
algebraic notation. This category suggests that students
do not need to make a correct or complete recognition
of the characteristics of the electric field in the source
representation to convert successfully. This suggests that
students memorize situations and apply a chug and plug
approach, which has been observed in different studies and
contexts regarding the algebraic notation [26].
In question Q1.3, students convert from electric field

lines to the algebraic notation of the field. The problem of
recognition that emerges in category B0 is an association of
the field lines in the diagram with a magnetic source. In this
case, since the electric field is non-Coulombic, the math-
ematical expression that students constructed in category B0
is adequate because it correctly identifies a proportionality
constant (e.g., μ0) and an inverse dependence on distance
(1=rn). However, these students also included in their
equations an electric current (usually I o I0), which is
not presented in the problem. This implies that students
associated the electric field lines with a circular symmetry

to the textbook problem of an outward line of current.
This is an incorrect association because students would
most probably think about a magnetic field instead of an
electric field.
In question Q2.2, students convert from a vector field

plot to the algebraic notation. The problem of recognition
that emerged in category B0 is that students correctly
indicate a sum of constants in Cartesian coordinates with
appropriate unit vectors. However, they did not relate their
diagram to the characteristics of the electric field. The
students classified under this category might have inter-
preted the vector plot as an electric field, but since they
were not explicit in their answers, it is impossible to know
if they were able to identify the characteristics of the field in
the representation. The fact that this category emerged
implies that students are so familiar with the conversion
between these two representations in other contexts that
they can convert between them without accessing the
object, which implies a memoristic approach in the con-
version process.

TABLE III. Comparison of results between questions where the algebraic notation is the target representation. We present the results
for both introductory and upper-division students for questions Q1.3 and Q2.2. We identify the number of students in each category and
their respective percentages in parentheses.

Algebraic notation as target representation

Q1.3 Q2.2

Mex-Intro Mex-UD Spa-UD Mex-Intro Mex-UD Spa-UD

Category n (%) n (%) n (%) n (%) n (%) n (%)

A 5 (15.6) 5 (31.3) 8 (32.0) 14 (43.8) 11 (68.8) 15 (60.0)
B 2 (6.3) 1 (6.3) 0 (0.0) 1 (3.1) 1 (6.3) 1 (4.0)
B0 1 (3.1) 2 (12.5) 0 (0.0) 7 (21.9) 1 (6.3) 5 (20.0)
C 20 (62.5) 7 (43.7) 10 (40.0) 6 (18.8) 2 (12.4) 3 (12.0)
D 4 (12.5) 1 (6.3) 7 (28.0) 4 (12.5) 1 (6.3) 1 (4.0)
Total 32 (100.0) 16 (100.0) 25 (100.0) 32 (100.0) 16 (100.0) 25 (100.0)

TABLE II. Comparison of results between the questions where the electric field lines diagram is the source representation. The results
are shown for introductory and upper-division students in both questions. Mex-Intro and Mex-UD represent the introductory and upper-
division students from the Mexican university, respectively. Spa-UD represents the upper-division students from the Spanish university.
We identify the number of students in each category and the corresponding percentage in parentheses. Note that we included an
additional row where we add the categories B0, C, and D, to facilitate the lecture of the text.

Q1.3 Q2.3

Mex-Intro Mex-UD Spa-UD Mex-Intro Mex-UD Spa-UD

Category n (%) n (%) n (%) n (%) n (%) n (%)

A 5 (15.6) 5 (31.3) 8 (32.0) 9 (28.1) 4 (25.0) 4 (16.0)
B 2 (6.3) 1 (6.3) 0 (0.0) 0 (0.0) 0 (0.0) 3 (12.0)
B0 1 (3.1) 2 (12.5) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
C 20 (62.5) 7 (43.7) 10 (40.0) 21 (65.6) 11 (68.7) 13 (52.0)
D 4 (12.5) 1 (6.3) 7 (28.0) 2 (6.3) 1 (6.3) 5 (20.0)
Total 32 (100.0) 16 (100.0) 25 (100.0) 32 (100.0) 16 (100.0) 25 (100.0)
B0 þ CþD 25 (78.1) 10 (62.5) 17 (68.0) 23 (71.8) 12 (75.0) 18 (72.0)
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B. Difficulties related to the
direction of conversion

Here we present an analysis of the effect that changing
the direction of conversion represents for students’ perfor-
mance and their comprehension of the electric field con-
cept. It should be noted that the different directions of
conversion are in separate tests, so none of the students
performed the conversion in both directions. However,
since we administered the tests randomly and because the
categories have the same structure, it is possible to compare
the results when switching the direction of conversion. The
results shown are, therefore, for the groups in general and
not for individual students.

1. Conversions between the algebraic notation
and the vector field plot

Question Q1.1 has the objective to convert from the
algebraic notation to the vector field plot, while Q2.2 has
the opposite direction of conversion. As shown in Table IV,
upper-division students have the same success rate for
recognition (categories A and B) in both directions (about
75%), but the success in conversion (categories A and B0) is
higher when converting from vector field plot to algebraic
notation (about 75%) than vice versa (about 25%). The
success rate for recognition is slightly lower for introduc-
tory students, but the overall behavior persists (Vector plot
to algebraic, 46.8% vs Algebraic to vector plot, 37.5%).
There is a higher tendency to recognize and convert in

question Q2.2 than in Q1.1 successfully. Conversely, in
Q1.1, students could recognize, but several difficulties
arose in their conversions, which indicates that the students
had difficulties drawing vector field plots that consider all
the characteristics of the field. The most common diffi-
culties observed in this question (Q1.1) were related to
representing the magnitude of the field adequately with the
length of the arrows. Some students restrained the length of
the vectors inside the plate so that they would not cross to

the outside region. This is not necessarily incorrect, but the
vectors outside the plate need to have similar lengths. We
grouped under category B only those students whose
outside vectors were considerably larger than the vectors
inside the plate. Other students drew vectors outside the
plate only at the surfaces, which is not enough to represent
that the electric field outside the plate is uniform. Some
students combined both difficulties.

2. Conversion between the vector field plot
and electric field lines

In question Q1.2, students were asked to convert from
the vector field plot to electric field lines and, in Q2.3, in the
opposite direction. Table V compares the students’ perfor-
mance in this change of direction of conversion. We
observe that in both directions students had problems with
recognition. However, it is clear from the results that the
students’ success in converting from electric field lines to
the vector field plot relies heavily on successful recogni-
tion. Unfortunately, less than 30% of students recognized
all the features of the electric field successfully, which is
quite low.
The most common difficulty in Q2.3 was drawing small

vectors near the center of the concentric circles and longer
vectors as the radius increases (as shown in Fig. 6). This
difficulty could mean that the students associate the size
of the circles with the intensity of the field, instead of
recurring to the density of field lines. An ever-increasing
electric field would mean that its intensity tends to infinity
with the radius, which is an impossible physical situation.
Student SPA-UD 21 seemed to struggle to identify the
variation of magnitude in the electric field lines represen-
tation and was able to overcome this obstacle by making
the physical meaning of the situation. This example is
illustrated in Fig. 7. Note that the question does not
require the use of algebraic notation, but the student found

TABLE IV. Comparison of results between the algebraic notation and the vector field plot representations. We present the results for
both introductory and upper-division students for questions Q1.1 and Q2.2. We identify the number of students in each category and
their respective percentages in parentheses. Note that we included two additional rows where we add the categories A with B and B0,
respectively, to facilitate the lecture of the text.

Q1.1: Algebraic to vector field plot Q2.2 Vector field plot to algebraic

Mex-Intro Mex-UD Spa-UD Mex-Intro Mex-UD Spa-UD

Category n (%) n (%) n (%) n (%) n (%) n (%)

A 7 (21.9) 4 (25.0) 5 (20.0) 14 (43.8) 11 (68.8) 15 (60.0)
B 5 (15.6) 8 (50.0) 13 (52.0) 1 (3.1) 1 (6.3) 1 (4.0)
B0 0 (0.0) 0 (0.0) 0 (0.0) 7 (21.9) 1 (6.3) 5 (20.0)
C 13 (40.6) 3 (18.7) 7 (28.0) 6 (18.8) 2 (12.4) 3 (12.0)
D 7 (21.9) 1 (6.3) 0 (0.0) 4 (12.5) 1 (6.3) 1 (4.0)
Total 32 (100.0) 16 (100.0) 25 (100.0) 32 (100.0) 16 (100.0) 25 (100.0)
Aþ B 12 (37.5) 12 (75.0) 18 (72.0) 15 (46.8) 12 (75.0) 16 (64.0)
Aþ B0 7 (21.9) 4 (25.0) 5 (20.0) 21 (65.5) 12 (75.0) 20 (80.0)
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it useful to convert to the algebraic notation as part of their
sensemaking.
As shown in Fig. 7, the student Spa-UD 21 did not recur

to the density of field lines to identify that the electric field
decreases with the radius. The student was able to identify
with an algebraic expression that the magnitude varies with
the radius and, through applying physical principles and
sense making, identified that the magnitude should
decrease, drawing vectors that decreased their length.
The lengths of the vectors are not very well defined, which
is consistent with the students’ explanation, “I do not know
the way in which the magnitude varies; I assume that it
decreases with the distance.” Instead of using the visual
characteristics of the electric field lines’ representation to
relate the magnitude of the field to the separation between

the field lines, the student recurred to the physical meaning
of this particular situation to conclude that the electric field
decreases with the radius. This finding is noteworthy. It
suggests that misinterpretation of the electric field lines
diagram can be overcome by the successful recognition of
physical principles and sensemaking.
In the opposite direction, there are fewer difficulties of

recognition, but more of conversion, as expected, because
drawing electric field line diagrams accurately is a com-
plicated task. The most common difficulty in Q1.2 was
joining vectors in continuous lines, which compromises the
density of field lines and derives in an incorrect represen-
tation of the magnitude of the field. It is compelling that the
most common difficulties in both directions of conversion
are related directly to dissociation between the density of

FIG. 7. The text of the question in the figure translates to “The figure represents the electric field lines of a non-Coulombic electric
field. (a) Draw several vectors that correspond to the electric field in the figure. (b) Explain how your drawing is related to the electric
field shown in terms of the features of the electric field, namely, magnitude and direction.” The full question is found in the Appendix.
This example illustrates the answer given by Student Spa-UD 21. The students’ explanation in point (b), translated from Spanish, reads:
“In principle, since it [the field] is non-Coulombic, it [the magnitude] does not need to reduce with the squared distance; nonetheless,
I believe that it must somehow reduce with the distance from the center, because I do not think it makes physical sense, an electric field
that tends to infinity at infinity. So, even though I do not know the way in which the magnitude varies, I assume that it decreases with the
distance [from the center]. Regarding the direction, it is tangent to the line at each point with the orientation given by the arrowhead.”

TABLE V. Comparison of results between the vector field plot and the electric field lines representations. We present the results for
both introductory and upper-division students for questions Q1.2 and Q2.3. We identify the number of students in each category and
their respective percentages in parentheses.

Q1.2: Vector field plot to electric field lines Q2.3: Electric field lines to vector field plot

Mex-Intro Mex-UD Spa-UD Mex-Intro Mex-UD Spa-UD

Category n (%) n (%) n (%) n (%) n (%) n (%)

A 6 (18.7) 5 (31.2) 7 (28.0) 9 (28.1) 4 (25.0) 4 (16.0)
B 11 (34.4) 1 (6.3) 7 (28.0) 0 (0.0) 0 (0.0) 3 (12.0)
B0 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
C 6 (18.8) 6 (37.5) 7 (28.0) 21 (65.6) 11 (68.7) 13 (52.0)
D 9 (28.1) 4 (25.0) 4 (16.0) 2 (6.3) 1 (6.3) 5 (20.0)

Total 32 (100.0) 16 (100.0) 25 (100.0) 32 (100.0) 16 (100.0) 25 (100.0)
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field lines and the magnitude of the electric field. This
difficulty has been previously reported in the literature by
several studies [3,20,40], which reaffirms the relevance of
this finding.

3. Conversion between electric field lines
diagram and algebraic notation

Table VI shows students’ performance when converting
between the electric field lines diagram and the algebraic
notation. Between these two representations, the direction
of conversion has a significant effect on the students’
abilities of recognition and conversion. In question Q1.3,
the students who successfully recognized the character-
istics of the field were able to convert successfully, but the
success rates were low (similar to Q2.3, analyzed in the
previous section). It should be noted that question Q1.3
presents the two problems of recognition that were dis-
cussed before, namely, failure to recognize the density of
field lines as the magnitude of the electric field and the
emergence of category B0, where students were able to
convert to the algebraic notation without fully interpreting
the source representation.
When the direction of conversion changes, the students

who successfully recognized the characteristics of the field
did not make successful conversions. In question Q2.1,
students had many difficulties to convert from the algebraic
notation directly to the electric field lines diagram. Only
three students out of 73 who answered this question drew
electric field lines. The remaining students who did a
successful recognition drew a vector field plot and, there-
fore, became classified in category B. The students’
explanations in this category lead to three possible impli-
cations: (i) students do not differentiate between electric
field lines diagrams and vector field plots efficiently;
(ii) both the electric field lines diagram and the vector
field plot serve the purpose of giving an overview of the
electric field, so for ease of construction, the students chose
to draw a vector field plot (we have noted before that
drawing electric field lines diagrams is a complicated task),
and (iii) students need to first construct a vector field plot in

order to draw an electric field lines diagram. However, in
this case, they only did the intermediate step of constructing
the vector field plot.

VI. DISCUSSION

The theory of registers of semiotic representation creates
a direct link between students’ abilities of recognition and
conversion in several registers of representation and their
conceptual understanding of the abstract concept that is
represented. As Duval [33] affirms, to achieve conceptual
understanding, it is necessary to have synergy between two
or even three different representation systems. We pre-
sented our students with several conversion tasks between
three different registers of representation of the electric
field, namely, the algebraic notation, the vector field plot,
and the electric field lines diagram. From our results, we
can analyze and compare the synergy that the students have
between these three different registers of representation of
the electric field. We focus the discussion on this matter
because it allows us to associate the students’ representa-
tional flexibility with their conceptual understanding of the
electric field. The tendencies of synergy between repre-
sentation systems presented in this discussion are similar
for all the groups of participants, which implies that they
persist through background (Mexico and Spain) and level
of expertise (introductory and upper-division).
We found that students have good synergy converting

from the algebraic notation to the vector field plot and vice
versa. The majority of students can recognize the character-
istics of the field in both representations successfully; only
a small portion of students had difficulties of recognition,
failing to relate the mathematical concept of the vector field
to the electric field, while still being able to make a
successful conversion. Even though recognition is high,
they do have some difficulties drawing the vector field plot
(Q1.1), which are similar to those reported by Bollen, Van
Kampen, Baily, Kelly, and De Cock [36]. Precisely, the
arrow length did not match the magnitude of the field when
students tried to restrict vectors inside the plate. Also, they
would only draw one set of vectors outside the plate, which

TABLE VI. Comparison of results between the algebraic and the electric field line representations. We present the results for both
introductory and upper-division students for questions Q1.3 and Q2.1. We identify the number of students in each category and their
respective percentages in parentheses.

Q1.3: Electric field lines to algebraic Q2.1: Algebraic to electric field lines

Mex-Intro Mex-UD Spa-UD Mex-Intro Mex-UD Spa-UD

Category n (%) n (%) n (%) n (%) n (%) n (%)

A 5 (15.6) 5 (31.3) 8 (32.0) 2 (6.3) 0 (0.0) 1 (4.0)
B 2 (6.3) 1 (6.3) 0 (0.0) 11 (34.4) 12 (75.0) 18 (72.0)
B0 1 (3.1) 2 (12.5) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
C 20 (62.5) 7 (43.7) 10 (40.0) 15 (46.8) 3 (18.7) 4 (16.0)
D 4 (12.5) 1 (6.3) 7 (28.0) 4 (12.5) 1 (6.3) 2 (8.0)

Total 32 (100.0) 16 (100.0) 25 (100.0) 32 (100.0) 16 (100.0) 25 (100.0)
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is not enough to represent that the electric field is uniform
in that region. We acknowledge that the classification of
students under this category has an intrinsic limitation since
we cannot identify if a student has correct reasoning and
understanding of the representation, but decides to draw
only one set of vectors for simplicity or practicality. Some
students might have the necessary recognition and con-
version skills to be considered in the A category, but we
cannot identify them objectively. When working with these
two representations, students should be encouraged to
relate the algebraic notation to the characteristics of the
electric field and to identify all the key positions that are
necessary to represent the electric field in a vector field
plot fully.
We found that students do not have good synergy in the

conversions that involve the electric field lines diagram.
Between the vector field plot and the electric field lines
diagram, the results are discouraging because, even though
both representations are visual, there seems to be poor
synergy between them. This problem is associated with an
inability to recognize the density of field lines as the
magnitude of the field in the electric field lines represen-
tation. This source of difficulty emerged in both directions
of conversion. Interpreting the density of field lines as
the magnitude of the electric field is a difficulty that
has been reported in the literature by several studies
[3,12,20,36,40,53]. We also found that there is not good
synergy between algebraic notation and electric field lines.
When doing the conversion from algebraic notation to the
electric field lines diagram, students would achieve proper
recognition, but most of them drew a vector field plot
instead. In the opposite direction, students had difficulties
with recognition because they tried to identify a source of
the field, as some instructors do when interpreting electric
field lines [52]. Interestingly, when converting from electric
field lines to the algebraic notation, students were able to
identify an inverse dependency on the radius, but when they
converted from field lines to the vector field plot, they
identified a direct dependency on the radius [54]. This
behavior is different from the behavior reported by
Ref. [36] because, in their study, students answered first
the conversion to a vector field plot, and then they
converted to the algebraic notation; this might have led
students to drag the same reasoning into the algebraic
expression.
It is important to note that students are experiencing

a learning process in which they aim to develop from
novices to experts [29]. Within this process of conceptual
understanding, we see that some students have difficul-
ties that agree with those reported in the literature
[3,12,20,36,40,53]. These difficulties are often associated
with the recognition of the characteristics of the electric
field within the semiotic representations. Furthermore,
we observed some difficulties of conversion, which are
mostly driven by the direction of the conversion between

registers of representation, in agreement with Duval’s
theory. For students to achieve the expected conceptual
understanding, they would need to be able to convert in
both directions efficiently, such as experts do. This behav-
ior is not observed in the conversions that involve electric
field lines, either as the source or the target representation.

VII. CONCLUSION

Our objective in this study was to learn how students
understand the concept of the electric field through the use
of multiple representations of this physical quantity. To
achieve this objective, we focused on the students’ abilities
to recognize the main characteristics of the electric field
(namely, magnitude and direction) in three representations:
the algebraic notation, the vector field plot, and the electric
field lines diagram, and how they convert between them.
We analyzed data within the framework of Duval’s theory
of semiotic representations. Physics instructors should
consider that good synergy between two or three repre-
sentations is necessary for student conceptual understand-
ing of abstract properties, as proposed by Duval [33]. It is,
therefore, of utmost importance to dedicate time and
practice to use several representations for the concept of
an electric field to promote a conceptual understanding of
this physical quantity.
We approached the question of how students recognize

the characteristics of the electric field in different semiotic
representations. We found that, in general, students have
more difficulties recognizing the electric field lines repre-
sentation than the vector field plot and the algebraic
notation of the field. For the electric field lines representa-
tion, the difficulties of recognition are that the students try
to associate the diagram with a source of an electric field,
instead of interpreting the features of the representation.
Other difficulties are related to not recognizing the density
of field lines as the magnitude of the electric field. For the
vector field plot, a few students had difficulties recognizing
that the electric field is uniform in the problem that they
analyzed. Other students would relate the density of vectors
in the field plot to the intensity of the electric field. For the
algebraic notation, some students had difficulties interpret-
ing the electric field inside the plate. Overall, the difficulties
of recognition that we found are related to interpreting the
magnitude of the electric field, rather than the direction.
We also approached the question of how students convert

between the three mentioned semiotic representations of
the electric field. We found that electric field lines were
quite challenging for students to make conversions, both as
a source and as a target representation. As a source
representation, many students were not able to make a
conversion because the difficulties in recognition were their
first obstacle. As a target representation, many students
avoided making electric field lines diagrams and chose to
draw vector field plots instead. For the vector field plot
representation, some students confined the vectors to the
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borders of the object (in this case, a plate), and other
students did not consider enough points to represent a
uniform electric field. For the algebraic notation of the
field, the difficulties of conversion were related to using
other representations in the symbolic or arithmetic family,
such as matrices and coordinate axis, instead of the
algebraic vector notation.
Our results are limited by the characteristics of each of

our two different cohorts of students, Mexican and Spanish.
Even though we share the same language, cultural and
educational contexts are different. We have seen that,
regardless of our differences, our students share some of
the difficulties. Our contribution is focused on the results
that are shared, regardless of the background. The charac-
teristics of the groups of students and the difficulties that we
have seen are similar to those of other cohorts of students,
particularly American and European. The textbooks that
we use are comparable to those used in American and
European universities, both in content and level. The
educational culture is also similar; we may have some
teachers who still use traditional instruction, while other
teachers include active learning. Some of our results are
comparable with results done in different parts of the world
with different groups of students see, for example,
Refs. [2,3,12,20,36,40,53]. Therefore, we may assume that
the results could be similar in other American and
European contexts. We think that this may be of interest
to researchers in the area of electricity and magnetism,
specifically on the learning of the concept of an electric
field, which sets the basis for Maxwell’s relations. From our
findings, teachers and researchers in the area might be more
aware of the difficulties that some conversion tasks may
represent for students, which adds to the discussion of how
the concept of an electric field is taught and learned at the
university level.
Based on Duval’s theory of semiotic representations, our

study explores the connection between understanding the
three widely used representations and the understanding of
the electric field concept. Our contribution is novel because
it analyzes that a conceptual understanding must be related
to the conversion capacity of the three representations. This
relationship is essential because traditional teaching bases

its teaching strategy on field representations as a way of
“facilitating” student understanding. Several studies have
pointed out that the electric field lines representation is
difficult for students, which matches with our results. Even
though this representation is useful for experts to have an
overall visualization of the electric field, we question if the
way they are traditionally taught in the introductory courses
is helpful for science and engineering students, or if it
hinders their understanding of the concept of an electric
field. To answer this concern, we would need to conduct
several studies where electric field lines are approached
actively, explicitly, consistently, and with proper scaffold-
ing during the course. In this way, we could identify if the
students’ difficulties with this representation are due to the
properties of the representation itself or if they can be
solved through active and explicit instruction. We recom-
mend that instructors pay special attention to how they
approach this representation in class and be very explicit
about how the density of field lines represents the magni-
tude of the field.
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APPENDIX: QUESTIONNAIRES ADMINISTERED
TO STUDENTS

The following are the two questionnaires that were
administered to students. Each student presented only
one of the questionnaires.
Questionnaire 1
1. There is a very large, nonconducting plate with

uniform volume charge density ρ and height d.
Figure 8 shows a section of the plate.

FIG. 8. Schematic of a very large, nonconducting plate used in question Q1.1.
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The electric field generated by this plate is
given by

E
⇀ ¼

8
>>><

>>>:

ρ
ε0
zk̂; − d

2
< z < d

2

− ρ
ε0

d
2
k̂; z < − d

2

ρ
ε0

d
2
k̂; z > d

2

a. Figure 9 shows a frontal cut of the plate. Draw
several vectors that correspond to the electric
field inside and outside the plate.

b. Explain how your drawing is related to the
function of the electric field in terms of the
features of the electric field: magnitude and
direction.

2. There is an electric field such as the one shown in
Fig. 10 at plane x-y
a. Draw on the figure the electric field lines for the

electric field shown.
b. Explain how your drawing is related to the

electric field shown in terms of the features of
the electric field: magnitude and direction.

3. Figure 11 represents the electric field lines of a non-
Coulombic electric field.
(a) Write a mathematical expression to describe the

electric field in the figure.
(b) Explain how your expression is related to the

electric field shown in terms of the features of
the electric field: magnitude and direction.

Questionnaire 2
1. There is a very large, nonconducting plate with

uniform volume charge density ρ and height d.
Figure 12 shows a section of the plate.
The electric field generated by this plate is

given by

E
⇀ ¼

8
>>><

>>>:

ρ
ε0
zk̂; − d

2
< z < d

2

− ρ
ε0

d
2
k̂; z < − d

2

ρ
ε0

d
2
k̂; z > d

2

a. Figure 13 shows a frontal cut of the plate. Draw
electric field lines that correspond to the electric
field inside and outside the plate.

b. Explain how your drawing is related to
the function of the electric field in terms of
the features of the electric field: magnitude and
direction.

2. There is an electric field such as the one shown in
Fig. 14 at plane x-y

FIG. 10. Vector field plot of a uniform electric field used in
question Q1.2.

FIG. 11. Vector field plot of a uniform electric field used in
question Q1.3.
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FIG. 9. Schematic of a frontal cut of a very large, nonconducting plate used in question Q1.1.

ESMERALDA CAMPOS et al. PHYS. REV. PHYS. EDUC. RES. 16, 010135 (2020)

010135-16



a. Write a mathematical expression for the electric
field shown.

b. Explain how your expression is related to the
electric field shown in terms of the features of
the electric field: magnitude and direction.

3. Figure 15 represents the electric field lines of a non-
Coulombic electric field.
(a) Draw several vectors that correspond to the

electric field in the figure.

(b) Explain how your drawing is related to the
electric field shown in terms of the features of
the electric field: magnitude and direction.

FIG. 13. Schematic of a frontal cut of a large, nonconducting plate used in question Q2.1.

 

 

FIG. 14. Vector field plot of a uniform electric field used in
question Q2.2.

FIG. 15. Vector field plot of a uniform electric field used in
question Q3.3.
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FIG. 12. Schematic of a very large, nonconducting plate used in question Q2.1.
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