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Coordination class theory has proven to be a useful theoretical framework for describing processes of
conceptual change in certain physical and mathematical concepts. Its development throughout different
studies has allowed us to understand numerous mechanisms of conceptual learning by individual subjects.
There have been attempts to implement this theory to collective-learning environments. Although there are
valuable contributions in this sense, there are still details at the fine-grain level to be unveiled in relation to
how conceptual change proceeds within small groups. For this purpose, the development of a coordination
class is analyzed in the case of an interview with two students addressing a problem-solving task about
entropy, focusing on the role that interactions between participants play in the evolution of the entropy
concept. A microcomplementary analysis is proposed by bringing in elements from a sociocultural
approach of learning. Thus, we were able to identify different forms of codevelopment of a coordination
class. Students exhibiting central as well as peripheral participation benefit from each other during the
conceptual learning process of the small group, constituting a “virtuous” interaction for learning.
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I. INTRODUCTION

Research on conceptual change is a multidisciplinary
endeavor that examines how conceptual knowledge in
specific domains is transformed. The literature on student
conceptions and their change is vast, as evidenced by a
periodically updated bibliography containing thousands of
publications [1–4]. No single review can do justice to it all.
Despite the large volume of work devoted to conceptual
change, almost all of these studies have approached this
phenomenon as an individual one and very few have
addressed it from a sociocultural view of learning. The
present work attempts to bring both perspectives together
into the analysis of conceptual change.
Coordination class theory (CCT) constitutes a particu-

larly significant contribution to the field of research on
conceptual change The theory proposes a mechanism of
how knowledge is organized and reorganized over time.
Unlike other theoretical proposals to describe conceptual
change, CCT explicitly discusses what a concept is and
how it comes up in students’ reasoning, which is particu-
larly helpful for keeping track of its changes. The simulta-
neous occurrence of both these traits (defining what a

concept is and how it changes) is what makes this theory
stand out among others. Used to study problem-solving
situations, it can provide information at a sufficiently fine-
grained level which can afford tracing changes in con-
ceptual knowledge. This theory has been successfully
implemented to describe processes of conceptual change
for some particular concepts. Several papers have presented
valuable contributions for physics concepts: force [5],
frequency and velocity [6], motion [7], buoyancy [8],
mechanical waves [9], proper time [10], energy [11],
and heat [12]. Other work has also addressed contexts
such as computer science [13] and algebra [14].
DiSessa and Sherin [5] contributed with theoretical

development (CCT) and with empirical evidence of differ-
ent ways in which a student understands the concept of
force during a problem-solving task. An interview setting
with a university student, J, let them infer the changes in
her concept of force. In certain particular situations she
favored her intuitive knowledge and decided that the
equation, F ¼ ma, did not apply. Witmann [11] used
CCT to understand student reasoning on wave physics
during problem solving. He reported cases in which
students’ reasoning resources were inappropriately linked
to objectlike models for waves and he modeled different
kinds of conceptual change. Wagner [15] addressed the
transfer problem and contributed with details of conceptual
development during problem-solving tasks. The analysis
was oriented to one university student, Maria, throughout
eight weekly interviews. From the beginning of these
interview sessions, several probability problems were
considered and she perceived them as different. The author
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showed how Maria eventually came to address them as
similar problems [15,16]. Thaden-Koch et al.[17] inter-
viewed students individually, and in each interview pre-
sented a series of simulations for the motion of a ball along
a straight-line track. Students were asked to judge the
realism of the simulated motions. The analysis reports
elements of coordination classes (readout strategies and
causal net) useful for understanding students’ decision-
making processes. Buteler and Coleoni [8] revealed how
conceptual development took place during problem solving
for the case of buoyancy. In particular, they showed the role
of epistemic resources within this approach. In a small-
group interview setting, they identified how these resources
work during problem solving. Parnafes [6] studied how
students’ ideas of frequency and velocity evolved through
the use of computational representations during problem
solving and was able to understand their role as a support
for conceptual learning. The simulation setting enabled
students to distinguish between velocity and frequency as
they defined their strategies for determining the relevant
information and refined their knowledge. Sengupta et al.
[18] addressed a similar question for the case of linear
momentum but using a video game. They showed how
conceptual understanding evolves as students play a video
game throughout an interview session. In a similar way,
Kluge [12] investigated how interactive representations can
be used to enhance conceptual learning. In a naturalistic
study with four groups of students, those interactive
representations are used to negotiate a meeting point
between theory, previous experience, and knowledge,
and they are instrumental to conceptual sense making.
The studies mentioned so far address learning as an

individual phenomenon and do not probe into the influence
of the interaction context on the process. There have been
attempts to implement this framework to classroom con-
texts [10,11]. Levrini and diSessa [10] used CCT for the
analysis of an entire class along an instructional sequence
of several sessions on special relativity concepts. In this
pioneering case they assigned conceptual learning to the
entire group of students. Although this allowed them to
describe the conceptual evolution of the group and its
difficulties, the analysis does not emphasize the role that
interactions between participants played in that conceptual
development. Barth-Cohen and Wittman [11] made a
valuable contribution by considering the different inter-
pretations of students as different contexts of the co-
ordination class. Even though this work makes progress
in extending the definition of context to consider disagree-
ments, many processes by which a group may or may not
construct knowledge in a shared way remain open ques-
tions: How do students develop conceptual knowledge
together? How do each student’s contributions work
collaboratively for conceptual development? What forms
of collaboration are established? The importance of
addressing these questions lies in the fact that in

educational settings, physics learning is almost always a
collective phenomenon. At the university level, problem-
solving sessions are mostly organized in small working
groups, as is also usually the case for study groups. In high
schools, student-centered teaching calls for collaborative
group efforts as students work on problem-solving tasks.
All these support the need to probe into the details of
students’ interactions as they learn concepts during prob-
lem solving.
Across the previous research described above, which

employed CCT, the common focus was the analysis of
conceptual development without detailing how this knowl-
edge was changing through the interaction between partic-
ipants. Although CCT does not actually assume that
projections occur in one individual, it does not specify
anything about how elementary pieces of knowledge are
distributed among them, nor how each individual’s knowl-
edge gets changed during interaction. Given the success of
CCT in describing learning processes in detail and given the
gap in the theory to account for collective conceptual change,
the aim of this paper is to go further and to study how the
process of conceptual change develops in a collaborative
manner. We intend to use the theory to pursue an in-depth
analysis of how elements of knowledge are shared, reor-
ganized, discarded, and confronted in a collective environ-
ment. Thus, a relevant feature of the present work is that it
aims at better understanding the role of interaction between
students in the conceptual learning process.

II. THEORETICAL FRAMEWORK

A. Coordination class theory

The main pursuit of CCTwas that of adding precision to
the meaning of the term “concept” and to focus on the
process of conceptual change [19,5]. Within this perspec-
tive, “having” a concept consists of knowing how to get
relevant information from the world, across varied situa-
tions [20]. Many studies using CCT have focused on the
process of conceptual development and the learning diffi-
culties that may arise as students work to determine
relevant information across varied contexts in the world.
A coordination class is a model for particular kinds of

concepts, among which are physics concepts. The main
function of a coordination class is to allow people to read a
particular kind of information out of situations in the world.
This reading takes place through specific processes and
strategies and many of the difficulties people have are
related to the context and circumstances in which they carry
out those particular strategies and processes. Entropy is a
concept with many different facets and contexts of appli-
cability. It can, in fact, be defined macro- or microscopi-
cally. Thus, it requires different strategies to extract the
relevant information from each context. Also, it applies to a
particularly wide span of situations (biological phenomena,
chemical phenomena, engineering, and mathematical
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problems). All these traits turn the concept into a particu-
larly suitable one to be regarded as a coordination class.
The architecture of a coordination class includes two

elements: extractions and inferential nets [21]. Extractions
allow people to focus their attention on certain information
of the phenomenon at hand. The inferential net is the total
set of inferences people make to turn those extractions into
the required relevant information.
According to this theory, implementing a concept in

different contexts may well imply retrieving different
pieces of knowledge and/or articulating them in different
ways. The particular knowledge and the particular way it is
coordinated in specific applications of the concept is called
a concept projection.
Typically, students exhibit two characteristic difficulties

in creating a new coordination class: the problem of span,
and the problem of alignment. Span refers to the ability
(or lack thereof) to recruit and coordinate the elements of
the class in a sufficiently large set of contexts in which
the concept is relevant. Alignment refers to the possibility
of obtaining the same relevant information by means of
different projections of the concept.

The theory also establishes a stronger form of alignment:
articulate alignment, or articulation. Articulation happens
when students are not only able to determine the relevant
information in different circumstances, but can also explic-
itly relate those different projections, noting differences and
similarities between them. This stronger form of alignment
is a metaconceptual process which is a natural extension of
the theory in its original form.
Figure 1 shows a schematic diagram of these elements

[8] and operational definitions of some elements of the
theory are presented in Table I for the case of entropy.
Please, refer to diSessa and Wagner [16] for more details.

B. Learning in groups: A scenario where individual
and sociocultural views meet

Addressing group-learning environments necessarily
requires considering contributions from theories within a
sociocultural approach to learning which can illuminate
collaborative aspects that CCT by itself may not be able to
fully address. In what follows we describe aspects of recent
dialogue between individual and sociocultural approaches
to cognition.
These approaches start from different conceptions of

what learning is. Within the sociocultural approach, learn-
ing is best understood as changes in practices. This
approach focuses on similarities and differences between
practices in different human activities and how they are
adopted and adapted. Instead, from an individual-cognition
approach, to understand learning means to focus on how
knowledge is represented in the mind and how those
representations are elaborated and modified [22]. These
differences impact on the type of research questions,
methodological aspects, and the scope of the results
obtained. In other words, each approach has different
things to say about learning.
Many researchers consider that building bridges between

both approaches is both important and fruitful [22–25], and
that this is a difficult but feasible task [23]. In fact, some

FIG. 1. Schematic representation of theoretical elements that
constitute a coordination class.

TABLE I. Operational definitions for extractions, elements of the inferential net, and projection.

Operational criteria to interpret data in students’ verbalizations

Knowledge element Operational criteria Some examples

Extractions - They refer to specific traits in objects in the situation - Gas does not interact with environment during
irreversible process

- They are directly read from the context or statement - First transformation is irreversible
- Temperature remains constant

Elements of the
inferential net

They involve abstract elements such as concepts or
physical laws.

- It [Transformation] is reversible, so universe
entropy does not change

There are usually expressed in the form of if-then
statement

- Here delta Q is negative! Thus delta Q between
B and A is less than zero

Projection It is directed to producing a concept-distinctive
information

From here to here (from point A and B) gas
entropy increase, and from here to there it
remains constant
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attempts were made in the recent past. We believe that these
bridges can help improve our understanding of learning by
bringing together fruitful resources from both theoretical
perspectives.
From a sociocultural point of view, learning happens

through negotiation of discourse meaning. Participation
within a community takes central attention in this con-
ception of learning. Thus, learning is indicated by shifts in
a person’s speech and behavior [26–28]. Changes in
discourse engagement, participation, argumentations,
questioning, deciding, among others, are indicators of
learning processes. In order to go deeper into the col-
laborative construction of a coordination class, we will
bring in some specific elements from the sociocultural
perspective.
We call on Wenger’s [29] definition of communities of

learning and practice. This concept, originally from the
field of anthropology, has had a strong impact in the field
of education. The concept of community of practice
(COP) derives from a view of learning as a social and
situated process rather than an individual and decontex-
tualized one. A community of practice is defined by
Lave and Wenger [30] as a group of individuals with
different sets of knowledge, skills, and experiences, who
actively participate in collaborative processes, in which
information, ideas, interests, resources, perspectives,
activities, and above all, practices, are exchanged in
order to build both personal and collective knowledge.
For this exchange and collaboration to take place, a
climate of trust must be generated among its members,
trust that allows them to exchange the particular knowl-
edge that each one possesses. When a COP is working
effectively, it generates and appropriates a shared reper-
toire of ideas, goals, memories, values, attitudes, from
which all participating members benefit. In addition, it
develops its own resources, such as tools, documents,
routines, vocabularies and symbols which, to some extent,
bring with them the accumulated knowledge of the
community. In other words, a COP implies common ways
of doing and approaching things that are of interest to the
people who constitute it. One of the most notable
differences between an ordinary group and a COP lies
in the very sense of community, in which all members
invest and to which they contribute shared ideas
and values [31]. The three dimensions that differentiate
a COP from an ordinary group are the mutual commitment
that generates bonds of coresponsibility among practi-
tioners, the joint practice itself, and the shared repertoire
mentioned.
Why do we consider that the concept of community of

practice can be adopted and adapted in the context of our
research? Because this concept aligns with the character-
istics of a group of students (a community) addressing a
problem-solving task (practice). The practice of problem
solving, central to any physics student, is a practice situated

in the context of formal education. Many of the things
students learn in a physics course, they learn by trying to
solve problems, by giving, asking for, and receiving help
from the people around them. The skills acquired during
this task are developed indirectly and disseminated through
discussion activities with peers interested in the develop-
ment of similar tasks. Most of the skills acquired during
problem solving in physics are not found in texts, but are
learned as one participates in certain groups that share a
given problem. In the present study, the group of students
are interested in solving the same problem, and to do that
they get involved in discussions that help them advance a
common, deepened understanding of the situation. They
are committed to finding a solution that is satisfactory for
both, and which is arrived at through interaction, so they
can be considered a COP.
From within the overall idea of community of practice,

we also retrieve the ideas of peripheral and central
participation. These refer to different subject-matter mas-
tery, or skills, and different degrees of legitimacy that
individuals may have within the community. According to
this idea, newcomers peripherally begin to participate in
practices while more experienced individuals participate
centrally. Learning is understood as a process that involves
a shift from peripheral to central participation. Although
both of the students in the present study can be considered
equally legitimized, different characteristics can actually be
observed in their mastery of subject matter and in the skills
they exhibit in their use. As we will describe in Sec. IV B,
the group of students we will actually work with locally
exhibit these different degrees of skills and knowledge
mastery in particular times within the interview. For this
reason, inspired by the classification proposed by Lave
and Wenger [30] for the participants of a community of
practice, we adopted the same terms to characterize the
two types of participation locally observed along the
interview.

III. RESEARCH QUESTION

We assume that CCT can provide important insight
to the details of the process of conceptual development.
Furthermore, we believe that in combination with CCT, the
theoretical input provided by the characterization of central
and peripheral participation within COP’s can help boost
our understanding of how students, as they interact while
addressing a shared problem-solving task, advance their
conceptual understanding. The research question wewill be
addressing is the following:
How do students progress in the codevelopment of the

entropy class, as they interact to address a problem-
solving task?
In this way, the main goal of this work is to describe the

different ways in which interaction allows students to
codevelop a coordination class.
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IV. RESEARCH CONTEXT AND METHODS

Since the aim of this research is to elucidate the
process of codevelopment of a coordination class, we
decided to take the simplest case available of a collabo-
rative environment in which we could analyze, in detail,
participants’ contributions and the dynamics of their
collaboration. In this way, we designed a two-hour inter-
view with two students who were presented with a
problem-solving situation involving entropy and asked
to solve it together.

A. Data collection

Participants were video recorded while they addressed
the problem-solving task. Videos are useful for eliciting
detailed information about students’ reasonings. This
experimental setting provides different features at the same
time. The interactive dynamics between students enables us
to monitor how their participation evolves throughout the
solving process. The reduced number of students allows us
to infer how conceptual codevelopment is happening.
The analysis was carried out on the audio-video data

obtained during the interviews. It involved two distinct
methodological instances. A first stage consisted of an
individual (one single researcher) revision of the videos as
they were transcribed. Each researcher’s individual inter-
pretations are made explicit, compared, and contrasted with
those of their peers. In a second instance, all differences are
put to the consideration of the group. In this second stage,
coding schemes were reviewed by a research team (in our
case the authors) as proposed by Jordan and Henderson
[32]. This collaborative viewing is powerful for neutraliz-
ing preconceived notions of individual researchers and
discourages the tendency to see in the interaction what one
is conditioned to see or even wants to see. Collaborative
viewing is an effective antidote to what Hutchins [33] refers
to as “confirmation bias,” and explains it as the propensity
to affirm prior interpretations while discounting or even
ignoring counterevidence. Collaborative video analysis
allows us to revisit them and question a given interpreta-
tion, regardless of whether or not it is the predominant one
within the group. When this work is iterative and continues
until a consensus is reached, results are more reliable than,
for example, those obtained by reaching high percentages
of agreement between individual researchers’ interpreta-
tions [high interrater reliability (IRR)]. Recent literature
argues that high IRR does not necessarily mean validity
[34]. Coding schemes presented in this paper emerged from
the process described above.
In order to study how the entropy (coordination) class

was developed, certain operational criteria were defined.
They were used to identify the different elements that
intervene in the class, and are displayed in Table I along
with examples for each case. (for similar criteria, used for
the concept of buoyancy, please refer to Ref. [8]

B. Participants

The study was carried out in a school of physics in a
public university in Argentina. The two students inter-
viewed volunteered to participate. Both of them had
completed and passed a thermal physics course three
months before the interview with similar grades. The
course pertains to the second year of a physics degree
program and deals with topics of heat, temperature,
thermodynamics laws, and macroscopic description
of entropy, as typically presented in commonly used
textbooks [35,36].

C. The interviewer

The interview was a semistructured one. It was con-
ducted by a researcher (first author) who was not the
students’ instructor. The interviewer’s role was to propose
the task and, from then on, to follow students’ reasoning.
Elements proposed by Halldén [37] were considered: the
interviewer’s mission was to follow student’s ideas and not
to conduct their reasoning; interviewer’s interventions were
oriented at asking for deeper explanations, checking under-
standing, or highlighting differences between students’
reasonings. Any type of evaluation, or opinion was strictly
avoided with the purpose of distributing authority among
the students interviewed and of fostering their participation
as much as possible [38].

D. The task

Our study focuses on the concept of entropy. Entropy
features fit with those that a concept must meet to be well
described by CCT. The problem posed to students was
designed with the purpose that they could make explicit
their ideas about entropy, its different representations, its
properties (e.g., that it is a state function), and its relation to
reversible-irreversible processes, among others. This prob-
lem presents an irreversible transformation that students
have analyzed as part of the content covered in their
thermodynamics course. This analysis includes the con-
sideration that this, as any irreversible process, cannot be
represented in P-V diagrams that can only account for
equilibrium states. The problem was expected to evoke
some previous student ideas about entropy reported in the
literature [39–50]. Options were designed to elicit those
ideas and for students to make them explicit. This would
enable us to monitor the way those ideas evolved as the
class was codeveloped. Students were required to justify
any particular choice and, most importantly, they were
required to agree on their choice. This was often achieved
after having initially picked different choices.
Options play a crucial role in data collection. First, they

offer the possibility of making explicit students’ previous
knowledge in regards to entropy. Furthermore, when
picking among the available choices, students seldom
coincide from the beginning: options are designed on
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the basis of likely previous ideas that can make several of
them equally eligible. Thus, students are nudged into
discussions and argumentations in order to agree on their
final choice. Therefore, the value of those options lies in the
profound discussions they promote, rather than on which
one they actually pick. Those discussions are a rich data
source that allow us to “see” how their ideas change and
evolve during the problem-solving session.
The task consisted of analyzing the entropy of a system

and that of its environment as it undergoes a particular
process. Figure 2 shows the problem statement.
Since entropy is a state function, after completing the

whole cycle, the entropy of the gas is the same as it was at
the beginning. The environment increases its entropy and it
does so during the reversible compression, during which
the gas provides heat to it. A counterintuitive trait of the
situation is that the net entropy of the system actually
increases during the reversible process, and not during the
irreversible one. The association of reversible transforma-
tions to zero entropy increases does hold, but for the
“universe” (systemþ environment). The entropy of the
universe increases during the free expansion from A to B
(not representable in P-V diagrams). When the system
transforms reversibly from B to A, the universe maintains
its entropy, since the increase in environment entropy is
equal to the decrease in system entropy.

V. RESULTS AND ANALYSIS

The analysis is carried out over four segments (S1, S2,
S3, and S4), which are excerpts from students’ dialogues.
In order to be selected, any excerpt had to meet one or more
of the following criteria: (i) to be clear in illustrating the

conceptual progress on entropy, (ii) to be clear in showing
how that progress stems from the interaction between
students, and (iii) to be a good depiction of the different
types of interactions between students throughout the
interview. The different dimensions of the analysis are
described in Secs. VA, V B, and V C, respectively.

A. Coordination of the class

In this dimension of our analysis we take CCT to study
how the entropy class develops. In S1, students conclude
that gas entropy increases after the complete cycle because
it increases during the irreversible transformation and
remains the same during the reversible one. In S2 they
review their answer and use a mathematical formulation.
Thus, they compute entropy changes and obtain zero for the
first transformation and a negative value for the second one.
As an overall result, they conclude that gas entropy
decreases after the cycle. In a third stage (S3), they
reconcile these ideas. Finally (S4), they solve for the
entropy changes in the environment, considering elements
discussed before.

B. Determination of codevelopment

Besides analyzing how the class is coordinated, we also
focused on the coconstruction of those coordinations. This
dimension of our analysis deals with the details of how the
projections are constructed with the participation of each
student. We are interested in understanding how the
contributions from each student do or do not contribute
to the development of the class. The criterion that guides
this dimension of the analysis is to determine if the
projections are being codeveloped (i.e., both students are

FIG. 2. Problem given to students.
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actually building the same projection) or not (i.e., they take
two different ways of reasoning).
We define that a projection is codeveloped when the

elements (extractions or inferences) of a projection are
provided by both students. This means that each student
must contribute with at least one extraction or inference. If
all the elements in a projection are provided by only one
student, then that projection is not considered to be a
codeveloped one.

C. Types of codevelopment

In order to analyze types of codevelopment, we first turn
to types of participation. Our data reveal changes in the
interaction throughout the interview. Two categories were
defined for the type of participation.

• Central participation.—Interventions that can serve
to bring new or divergent positions in relation to what
is being discussed. These interventions are clear,
express certainty, propose arguments or challenge
an idea.

• Peripheral participation.—interventions that do not
bring new information in relation to what is being
discussed. Rather, they express doubt or inquire about
their peers’ opinions.

After defining categories for students’ types of partici-
pation, we define two types of codevelopment: symmetrical
and asymmetrical.

- Symmetrical codevelopment.—We call a codevelop-
ment symmetrical when two conditions are met:
projection’s elements (extractions and inferences)
are evenly distributed among the participants and
the participations of all students are majorly of a
central type.

- Asymmetrical codevelopment.—This occurs when the
elements of the projection are not contributed evenly
by both students or when the participations of at least
one student are majorly of a peripheral type.

In the first segment, students incorrectly evoke ideas
on reversibility to answer about the gas’s entropy. In the
second one, they appeal to mathematical expressions and
produce another different projection. In the third segment,
they match both projections in an aligned one throughout
an articulation process. Finally, in segment 4, we can see
them switch to a different (auxiliary?) context that allows
them to project the class in an aligned way with respect to
disciplinary knowledge.

1. Segment 1: “Gas entropy increases after
the complete cycle”

Coordination of the class.—The evolution of students’
projection in this segment can be synthesized as follows:
they started by evoking that during a reversible process,
the universe’s entropy remains constant. After that, they
checked the summative property of entropy. Then they

noticed the irreversibility of the free expansion, and finally
they concluded that gas entropy over the complete cycle
increases.
The characteristics of the projection in this segment are

consistent with misconceptions reported in the literature.
Namely, misuse of entropy as a state function [43,39] and
failing to realize that gas entropy can actually decrease
during reversible processes [44].
S1 [3:02 min to 5∶40 min]
1. D: Entropy was…?
2. F: Differential of Q over T
3. F: It is reversible, so the universe’s entropy does not

change
4. D: But it is the gas’s…
5. F: Yes, the gas’s does…
6. D:Does Entropy [of the gas] remain constant during

a reversible process?
7. F: Yes, yes…mm… I don’t really remember…I have

a question. If I compute the entropy, gained or lost,
whatever, the variation up to here [from A to B and
back] and I add them, that is the total entropy,
isn’t it?

8. Int: Yes. Just to check I am following you. When a
process is reversible there is no entropy change [for
the gas] and when it is irreversible, then there is one.

9. F: Yes..it always increases
10. D: But the process from A to B is irreversible, isn’t

it?… Oh no! Here it says: it corresponds to a
reversible isothermal compression

11. F: It is irreversible…. oh, ok, fine then… From here
to there [from A to B] gas entropy increases because
the process is irreversible, and from here to there
[from B to A] it remains constant …So, it increased
(gas entropy in the whole cycle)

12. Int: So, you’re saying that gas entropy increases
during the first transformation because the free
expansion is an irreversible process. In the process
back to A, gas entropy does not change because the
process is reversible

13. D & F: Both nod
When D asks about entropy (turn 1) F brings up the

corresponding mathematical formulation or definition. F
identifies the cycle as a reversible process and evokes
a known property according to which the Universe’s
entropy remains constant. Identifying the reversible
characteristic of the process is actually the first extraction
in this projection. This enables her to make the first
inference (element of the inferential net): that the uni-
verse’s entropy does not change (turn 3). Then, F
remembers the additivity of entropy and she checks for
its applicability with the interviewer (Int) (turn 8). This
will enable them to infer new information on the
situation. Later, D introduces a new element, which F
had not noticed: the irreversibility of free expansion, i.e.,
a new extraction (turn 10). This element lets F and D
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complete the first projection and assert that entropy
increases after the cycle (turn 13).

Determination of codevelopment.—Transcriptions during
segment 1 show that there is a single projection which is
built by extractions and inferences from both students. F
brings up a property that D did not remember such as
“entropy remains constant in reversible processes” and
additivity, while D noticed information that F did not
(first transformation as irreversible). Although clearly F is
leading the reasoning process, D’s contribution is relevant.
Figure 3 presents a diagram of the development of a class
during fragment 1. This diagram is inspired by the
graphical resources proposed by Wittman [51] to represent
conceptual change. Although different from the represen-
tation in that work, we believe it provides a good scheme
for the development of the coordination class. Each “box”
indicates an element of the class, which is not literally taken

from the transcriptions, but is derived from it. It can be seen
that D’s extraction is essential to the projection.
Moreover, F’s inferences are based on it. It is clear that

there is one projection which is built by both students.
There is no doubt that there are many more contributions
from F than from D. This last point is addressed in the
following subsection.

Type of codevelopment.—F’s interventions are central (see
Table II): she gives a definition (“Differential Q over T”),
she applies a known property (“It is reversible, so the
Universe’s entropy does not change”) and she answers
questions. Instead, D’s interventions are peripheral: she
expresses doubts (“Entropy was…?”); she asks her partner
for information she herself can’t recall (“Does entropy
remain constant during a reversible process?”). Figure 3
shows that in this segment there is a codevelopment of the
class. It also shows that the contributions were not balanced.

FIG. 3. Development of the entropy class during segment 1. F’s contributions in blue frames, D’s contributions in red frames, where
Sgas stands for the entropy of the gas and ΔS the entropy variation.

TABLE II. Examples of categorization of participations during segment 1.

Central Peripheral

Student D •D: But the process from A to B is irreversible, isn’t it?…Oh no! Here it says: it
corresponds to a reversible isothermal compression

• D: Entropy was…? (express doubt)

• D: To me, it’s irreversible • D: Does Entropy remain constant
during a reversible process?
express doubt

Student F • F: Differential Q over T • F: Right…
• F: It is reversible, so the universe’s entropy does not change
• F: Yes, the gas’s does…
• F: Yes, yes…mm… I do not really remember…I have a question. If I compute
the entropy, gained or lost, whatever, the variation up to here [from A to B
and back] and I add them, that is the total entropy, isn’t it?

• F: It is irreversible…oh, ok, fine then… From here to there [from A to B] gas
entropy increases, and from here to there [from B to A] it remains
constant..So, it increased (express doubt)
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Student F proposed most of the elements in the projection,
while student D contributed with a single, although impor-
tant, extraction. In addition, Fig. 4 shows that F’s partici-
pation is clearly central. Most of her interventions are
substantial: arguments and inferences are critical to address
the solution of the problem. On the other side, D’s partic-
ipations are mostly of a peripheral type, i.e., her interven-
tions were not to propose new arguments, original elements
or ideas but rather to follow F’s proposals.
An intervention was defined as each student’s uninter-

rupted speaking turn. This categorization is defined by
means of an iterative group discussion among researchers.
As for its validation, test runs were conducted using
particular examples (excerpts). A second discussion meet-
ing was carried out when particular ambiguous cases arose.
These were, however, a clear minority.
Through these examples we observe that during the first

interventions student F brings ideas and properties of
entropy to the discussion. Student D asks her about her
arguments and tries to follow F’s ideas until she realizes
about the irreversibility of the free expansion (central
intervention) and introduces this element to discussion.
Despite its peripheral involvement, D introduces a sub-
stantial element in the development of the class. Thus,
considering the irreversibility of free expansions,F projects
the class in the particular way shown. So, we conclude that
this segment shows an asymmetrical codevelopment of the
projection.

2. Segment 2: “Gas entropy decreases
after the complete cycle”

Coordination of the class.—Throughout this segment we
will see how students evoke mathematical representations
to review their own answer and compute gas entropy
changes. We will show how they use the expression
dS ¼ dQ=T for both reversible and irreversible processes.
In this way they compute ΔS ¼ 0 for the irreversible part
and ΔS < 0 for the reversible one.
We focused on a part of this segment which is divided in

two excerpts: in the first one, they compute the entropy

variation from A to B and in the second one, the one
from B to A.
Excerpt a
F brings up the macroscopic formulation of entropy. She

uses the formula dS ¼ dQ=T for the irreversible process to
find that entropy change for the gas is zero from A to B.
S2a [8:03 min to 9∶45 min]
1. F: I don’t know…so we can compute it and see what

happens.
2. F: In the first one, differential Q… I don’t remember

what was the letter for entropy… W?
3. Int: S
4. F: S… ok, well delta S is equal to the integral of dQ

over T from state A to state B in the first trans-
formation… So… differential Q here is zero [for the
gas], over T… hmm…ohh!

5. D: Hmmm, it does not exchange heat with the
environment

6. F: What’s going on?….hmm…And now, delta S2
would be from B to A, differential Q over T

7. D: Is this like a total entropy computation?
8. F: Hm…no
9. D: Is this the entropy [change] for the system [gas]

that you are looking at?
10. F: Yes…
11. D: Ok…
12. F: Differential Q over T
Here we see how students realize that this result differs

from their prior consideration about the irreversible expan-
sion. They first found that entropy of the gas increases from
A to B because it is an irreversible process, but mathemati-
cally they compute this entropy change as zero. At this
point, they misuse the formula, considering the equal sign
for an irreversible process. This idea was also identified in
previous research [42,49].
Excerpt b
In this excerpt, the entropy change for the gas is

computed by students for the transformation from B to
A. They recognize that during this reversible isothermal
compression the gas delivers heat to the environment and
thus its entropy decreases. This idea contrasts with what
they thought before when they assumed that gas entropy
did not change during the reversible process. Table II
synthesizes this projection.
S2b [12:02 min to 13∶03 min]
1. F: I think isothermal lines cut through adiabatic

ones, no sorry, adiabatics cut through isothermals…
[students sketch the diagram shown in Fig. 5]

2. F: So, the gas is doing this… It is going from a point
[B] of less heat to one [A] with more heat.1 So here

FIG. 4. Students’ intervention types during segment 1.

1They are regarding adiabatic curves in a P-V diagram in a way
similar to how isothermal curves are considered: each one
corresponds to a particular T value. Thus, adiabatic curves also
are assigned a unique “Q” value (see Fig. 5).
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delta Q is negative! Thus delta Q between B and A is
less than zero. So entropy here…

3. Int: Sorry…that means…
4. F and D: Gas losses heat
5. F: So, entropy here…if I have zero in the first case…

which I am not sure is ok, but the computation gives
us that

6. D: Ahh…oh no…
7. D: The universe’s entropy increases…
8. F: Right, it increases. Gas entropy does not neces-

sarily increase in an irreversible process.
9. F: Well, here we have that heat is lost, so gas

entropy decreased in this reversible transformation
Here CCT provides insight into students’ conceptual

path, as it helps to understand how they arrive at this
different projection. During the first part, F extracts from
the context that there is no heat exchange during the free
expansion (turn 4). This element lets her infer that the gas
entropy change is zero after the first transformation. As we
have mentioned before, the macroscopic formula is mis-
applied in this context.
F noticed that temperature remains constant throughout

the reversible isothermal compression (extraction). By
means of a graphical scheme, she infers that dQ is negative
and, consequently, she claims that the entropy of the gas
decreases during the compression. Bringing the two rea-
sonings together, she concludes that after the complete
cycle, entropy of the gas decreases (projection 2). This
projection is misaligned with respect to the first one.
Two aspects are worth noting in this segment. First,

neither of the students was convinced about their first
answer so they looked for other entropy representations.
Among these, the use of the mathematical formulation
(which holds for macroscopic processes) had flawed or
incomplete aspects. Second, and more important, they
recognized these different results and they put them at
the same hierarchical level. Later we will show how they
articulate these two misaligned projections.

Determination of codevelopment.—We have defined that
there is codevelopment if there is a single projection and it

is done with elements proposed by more than one student.
Figure 6 shows a scheme of the class development and the
contribution by each student. The transcription, as well as
the projection scheme in the figure, both show that there is a
unique projection and that all of its elements are provided
by one only student. Student F made the two extractions,
both inferences and projected the entropy class. D does not
contribute elements to the projection. As Fig. 7 shows, her
interventions were almost entirely peripheral as opposed to
those of F, who again held central-type participations for
the most part. For these reasons we conclude that there is no
codevelopment of the projection during segment two.

3. Segment 3: “Gas entropy increases during
the irreversible process and decreases

during the reversible one”

Coordination of the class.—In this segment, we will see the
interviewer review the logic of previous misaligned projec-
tions and how that allows students to articulate them. They
first doubt the mathematical expression and they think that
something is wrongwith it. After discussions, students align
both projections and reformulate their answers.
S3 [18:07 min to 21: 16]
1. Int: So, we still have two options, don’t we? Either

Entropy [of the gas] increases during the first
transformation because it’s an irreversible process
or it doesn’t change because delta Q is zero…

FIG. 5. Students’ sketch during segment 2. FIG. 6. Diagram of the projection development during segment
2. In blue, F’s contributions.

FIG. 7. Students interventions during the whole segment 2.
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2. F: Yes…that is the problem… I’m not sure now
3. Int: Your thoughts on irreversibility and entropy

don’t completely fit that equation, is that it?
4. F: Yes… they don’t fit!.
5. F: Wait…this equation…Does it always work? Now

I’m not sure… Is it only for reversible processes?
I don’t remember that

6. D: But if the cycle is reversible it [entropy change for
the system] would always be zero

7. F: If it’s a cycle, but not a transformation. If I
compute from A to A it will be always zero, but here
on the way back we even got a negative value

8. D: Right…
9. Int: Well, in fact in this [mathematical] expression

the equal holds only for reversible transformations.
Otherwise, the “less than” sign holds. [dQ=T < dS]

10. D: ahh… (expressing understanding)
11. F: That’s true, you’re right! You can’t compute

entropy changes in irreversible processes. I remem-
ber that now

12. Int: Did that solve the problem?
13. D: Yes…gas entropy increases
14. F: Yes, it always increases
Students articulate their projections after the interviewer

answers their questions about the limits and contexts in
which the mathematical formulation works. The following
considerations are in order here:

- Students discard the idea that gas entropy remains
constant during reversible processes. Computations
convince them about this.

- One could consider that it is the interviewer who
articulates the entropy projections for them, but it is
actually not the case. Students identified discrepancies
between these projections from the beginning. They
are the ones who actually doubt about the equation
(turn 5). They not only spontaneously notice there is a

problem, but they also identify where that problem
could reside. All the interviewer does is to bring these
discrepancies back to the discussion (S2, turn 4).

In sum, at this stage, students think that gas entropy
increases during the irreversible transformation and
decreases during the reversible isothermal compression.
They still need to decide whether, after the complete cycle,
gas entropy remains unchanged, increases, or decreases.
From CCT we can infer that in this segment an

articulation process occurred. Students realized that the
two projections are different and they try to make them fit.
They modify their extractions and inferences of projection
1 and projection 2 in order to articulate them. F doubts the
use they made of the equation (turn 5). Incorporating
inequality into the equation, they manage to reconcile their
idea of irreversibility and increase of entropy (turn 10 and
11). Students also refine the relationship between revers-
ibility and change of entropy, concluding that the entropy
of the gas decreases on the reversible isothermal compres-
sion (turn 7). Figure 8 synthesizes this articulation process.

Determination of codevelopment.—During the third seg-
ment students are working to reconcile their two projec-
tions from segments 1 and 2. The articulation process
involves both students. Thus, we claim that there is
codevelopment. Although F’s participation seems to pre-
vail in the overall process, D’s contributions provide
relevant information to the projection. In the next section
we will go deeper into this analysis.

Type of codevelopment.—Although more equally distrib-
uted between students as compared to segment 1 and 2,
contributions are still uneven. While D’s interventions are
equally distributed between central and peripheral, F’s
interventions are almost entirely central (see Fig. 9). On
this basis, we claim that the codevelopment is asymmetric.

FIG. 8. Articulation diagram during the third segment. Purple highlight is used for contributions or changes proposed by both students.

LEARNING ENTROPY AMONG PEERS THROUGH … PHYS. REV. PHYS. EDUC. RES. 18, 010127 (2022)

010127-11



Before moving to the next item in the problem, students
discuss the properties of entropy as a state function in order
to decide what its change actually is. After a 20-min
discussion, they arrive at an answer and they are able to
integrate representations and properties of the concept.

4. Segment 4: “Enviroment’s entropy increases and it
does so during the reversible compression”

Coordination of the class.—Once the discussion on gas
entropy is over, students shift their attention towards the
entropy of the environment. They quickly recall ideas on
reversible-irreversible processes and conclude that during
the reversible transformation its entropy increases. After a
couple of minutes, they notice that the environment does
not interact with the gas during the free expansion, so they
state that the entropy of the environment does not change
during that irreversible process.
In the following segment students recover, from previous

discussions, elements about entropy changes, reversibility,
and first law.
S4 [45:03 min to 48∶15 min]
1. D: During the reversible transformation, it in-

creases…
2. F: Yes…
3. D: During the irreversible one… I do not know
4. F: Me neither
5. F: Right, on the reversible transformation, it [envi-

ronment entropy] increases
6. D: and on the irreversible one…why would it

decrease?
7. F: It doesn’t have to decrease. There is no rea-

son why.
8. F:We know that it [for the gas entropy] decreases on

the way back and the entropy of the environment
remains constant [in the irreversible expansion] …

9. D: Ah! The environment’s! I meant the universe…
Right… So, during the irreversible transformation
maybe nothing happens.

10. F: You mean the Universe?

11. D: No, because…. why does the entropy of the
environment increase? For me, during the irrevers-
ible process it doesn’t change.

12. F: Right, gas does not interact with the environment
during the irreversible process. I mean, it’s not
doing any work…. it’s not exchanging heat either…
Right, I think it remains constant during the first
process and in the second one it must increase.
There’s no other option.

13. D: Yes. So, option d.
14. F: Yes. Moreover, if you consider the entropy of the

Universe, i.e., the gas plus environment, you already
know that its entropy must increase and the gas has
already increased (during the irreversible process).

15. D: Right
16. F: I think that the entropy of the environment

increases and it does so during the reversible
process. More than that, the entropy increase of
the universe happens on the irreversible transfor-
mation. In the first stage, entropy increases and
during the second one it remains constant because
the gas entropy decreases just as much as the
environment’s entropy increases. All the increase
of entropy [Universe] happens during the gas’s
irreversible process.

Students realize that the entropy of the environment
increases during the reversible process due to heat provided
by the gas as it is compressed at constant temperature (first
element of the inferential net, turns 1 and 2). After that,
they notice that during the irreversible transformation the
environment does not interact with the gas, so they infer
that its entropy [environment] remains constant (second
element, turn 12) and they completed the projection finding
that the entropy of the environment increases (turn 16). F’s
explanation reveals a deep understanding of the process.
Figure 10 synthesizes this projection.
Throughout this single interview, we were able to

observe a wide variety of projections, which are indicative
of how the entropy class evolves. The first two projections,
although misaligned, were a fundamental starting point for

FIG. 9. Types of interventions during segment 3.

FIG. 10. Class development during segment 4. Purple highlight
is used for contributions or changes proposed by both students.

JUAN VELASCO et al. PHYS. REV. PHYS. EDUC. RES. 18, 010127 (2022)

010127-12



a productive process of conceptual change. In fact, it is from
the discussion on these projections, and through their attempt
to articulate them, that they recover essential elements that
allow them to project the class in an aligned way with
disciplinary knowledge. Students’ final explanations reveal
that they reached a deeper understanding of entropy.

Determination of codevelopment.—As in the entire inter-
view, students work together in the same projection. Also,
as detailed in Fig. 6, both students contributed elements to
the class projection. Each student contributed with one
inference and the projection is agreed on by both. It is
trivial to define this segment as codeveloped projection.

Type of codevelopment.—In this segment, the elements of
the class are distributed evenly among both students. In
Fig. 11 we can see thatD’s participations are now mostly of
a central type, just as those of student F. Our claim is that
D’s involvement in discussions changed during this seg-
ment as compared to the previous ones. Given that both
students contributed elements to the class in an even form
and that they had a central type of participation, we can say
that the codevelopment is symmetrical.
Throughout the whole interview, different kinds of

codevelopment took place. In the first segment, asymmet-
rical codevelopment is observed. During segment 2, there
is no codevelopment as F contributed and developed the
whole projection by herself. In segment 3, an asymmetrical
type of codevelopment took place again, with D still
contributing mostly in a peripheral way. By the end of
the session, D’s participation changes and a symmetrical
codevelopment is instantiated, as S4 reveals, both students
continue developing the class but with elements evenly
contributed by both. Data indicate that as the interview
unfolded, students (specially D) improved the way they
integrated their contributions.

VI. DISCUSSION

Our research interest was to explore how a coordination
class is developed by two students when they address a

problem-solving task involving entropy. Our study was
oriented towards understanding students’ building of
common knowledge. CCT has been usually used, so far,
to study individual conceptual development. A few studies,
which have addressed collective environments, have
assigned the class to the group of people as a whole,
without analyzing the role of the individual contributions in
the overall conceptual development. What is the point of
zooming into the participation of each student during their
interaction? The main reason is that it enables us to
understand when and how opportunities for learning take
place through students’ interaction. With this motivation
we addressed our research question:
How do students progress in the codevelopment of the

entropy coordination class, as they interact to address a
problem-solving task?
During several minutes of the interview students struggle

with difficulties that have been reported as misconcep-
tions in previous research [39,42–44,49]. CCT, as in
previous studies on conceptual change, once again proved
to be a fruitful theoretical approach to understand this
struggle. By analyzing different projections and articu-
lations we were able to understand students’ difficulties
and how they moved beyond them. In a way similar to that
reported previously [8], students in the present research
noticed differences between projections and doubted
them. They recoordinated elements and, finally, projected
the class in a way aligned with disciplinary knowledge.
Once again, we encounter evidence of the importance of
misaligned projections in initiating an articulation process
that can lead to the coordination of the class, in this case,
the entropy class. Thus far, this just extends previous
results to a new case (entropy). CCT, once again proves to
be a fruitful, fine-grain theory to analyze conceptual
change in a student group.
However, our main interest was focused on how this

class was codeveloped by the two students. To do so, the
ideas of central and peripheral participation were intro-
duced. In this way, we included an interaction-analysis
approach to learning in order to account for different forms
of interaction. This move goes beyond the work of Levrini
and diSessa [10] and Barth-Cohen and Wittman [11],
because we zoom into students’ moment-to-moment inter-
actions and their relation to conceptual progress. Therefore,
the phenomenon is understood from two simultaneous,
concurring perspectives of learning: individual and socio-
cultural. This particular approach allowed us to differentiate
three types of codevelopment throughout the interview:
asymmetrical codevelopment, symmetrical codevelopment,
and no codevelopment.
Complementing CCT with the notions of central and

peripheral participation proved to be a valuable contribu-
tion. It allowed us to challenge some common-sense ideas
that, as teaching practitioners, we have been commonly
seen to circulate among teachers regarding the poor

FIG. 11. Type of interventions during segment 4.
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contribution that less-involved students have in the progress
of the ideas in the classroom, as compared to their more-
involved peers. In asymmetric codevelopment conditions,
even those students who have a more peripheral participa-
tion can actually be learning. Also, in asymmetrical code-
velopment not only students with peripheral participations
benefit from the contributions of central-type participants.
Asymmetrical participation can offer learning opportunities
even for those who are participating in a central way. This is
the case of F, who is actually a central participant in the
discussions. Her classmate offers a unique but crucial issue
(the irreversibility of a free expansion) which directs the
development of the class in a particular direction.
Zooming into the types of participation of these students

has allowed us to understand important issues. Students
with symmetrical and asymmetrical participation benefit
from each other during the conceptual progress of the small
group, constituting a “virtuous” interaction for learning. We
believe that the substantial contribution of this study lies in
considering both the conceptual progress and the inter-
action among these students in a detailed way. This allows
us to better understand how the types of participation are
intertwined during the conceptual development at a fine-
grain level. During the coordination of the class, instances
were observed in which D, although with peripheral
participation, contributed elements that were the support
for F to make more significant contributions. In the final
phase, during the last projection, D’s participations
changed substantially and became central, thus showing
the mutual benefit of the two types of participations during
the learning process. These considerations are what lead us
to conclude that we were able to observe learning at both
the individual, as well as the collective level.
As we stated in Sec. II B, many researchers consider that

building bridges between sociocultural and individual
cognition is both important and fruitful [22–25], and that
this is a difficult but feasible task [24]. We believe that the
present work is a specific contribution in that sense. From a
theoretical point of view, it represents a dialog between
CCT and the ideas of central and peripheral participation,
inspired by the work of Leave and Wenger [29,30] and
adapted to our context. This complementarity between both
views allowed us to understand students’ learning dynam-
ics in these small-group environments at a very fine-grain
level. Each of these complementary theoretical perspectives
has a critical role in identifying particular traits of the

collective learning enterprise. While CCT informs on the
task of reading out information, and aligning projections,
differentiating central from peripheral participations gives
a clearer picture of the ways in which students collaborate
to carry out their collective enterprise. Both theoretical
views are thus complementary in a very intimate way. This
constitutes, as defined by diSessa et al. [21], a case of
microcomplementarity between two distinct research para-
digms, knowledge analysis and interaction analysis.
Finally, there are two methodological considerations

that we wish to highlight. One of them concerns the limits
of the current study. We have presented a single case study
consisting of two students solving a problem, and this could
raise questions about the validity of the results. However,
we believe that particularization supersedes the validity of
generalization [52]. The focus is on the in-depth study and
knowledge of the case, and not on the generalization of the
results over and above it [53,54]. In this paper we aim to
understand how conceptual change can develop from peer
interaction during problem solving, and we believe that the
case study presented here makes a central contribution to
this understanding. Indeed, there could be other forms of
conceptual learning, as human thinking is highly creative
and idiosyncratic. Our study reports on one such pos-
sible form.
The second consideration has to do with how these

results contribute to understanding what might occur in a
real classroom. Educational research is contextual, and
context cannot be treated as just another independent
variable, but is a constitutive part of the research problem.
However, the current results may constitute a clue, a
primary starting hypothesis, for investigating what might
occur in an actual classroom. In fact, we are currently
conducting an investigation of students’ participations in a
real physics class while solving, collectively, a problem
posed by the teacher [55]. So, we are well aware that the
present results are limited to the simplest collective case,
and much more needs to be done in order to understand
what goes on in actual physics classrooms.
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