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Abstract: In response to ongoing calls in physics and science education to support conceptual change and
promote deeper scientific understanding, research on learning progressions (LPs) has increasingly focused
on modeling how students’ conceptual reasoning evolves over time. However, substantial evidence indicates
that novice learners’ understanding remains fragmented and highly sensitive to contextual features. This
study investigates the relationship between students’ conceptual development and their dependence on con-
text by employing a person-centered analytical method—Latent Transition Analysis (LTA). Pre- and post-
test data were collected from 474 students enrolled in a calculus-based introductory physics course, using
eight items selected from the 1995 version of the Force Concept Inventory (FCI). These items targeted two
fundamental conceptual domains: Force and Motion (F&M) and Newton’s Third Law (NTL). The analysis
identified four latent statuses for F&M and five for NTL, representing qualitatively distinct levels of under-
standing ranging from naive to near-scientific. Results indicate a clear pattern: as students’ conceptual un-
derstanding progressed, their reliance on surface-level contextual features decreased. These findings suggest
a dynamic and interdependent relationship between conceptual development and context sensitivity. This
study demonstrates the potential of LTA to reveal developmental trajectories in students’ conceptual under-
standing and underscores the importance of incorporating contextual features in both instructional design

and diagnostic assessment strategies.

1. Introduction

A central goal of physics and science education is to foster students’ scientific
understanding of fundamental concepts."”! However, a robust body of re-
search has shown that students often enter science classrooms with entrenched
misconceptions that are resistant to change through traditional instruction.
B Consequently, facilitating conceptual change—a shift from intuitive or
incorrect ideas to scientifically accurate understandings—has become a central
concern in science education.”

In recent years, the learning progressions (LPs) framework has emerged as a
powerful tool to examine how students’ conceptual understanding develops
over time. LPs are defined as “descriptions of the successively more sophis-
ticated ways of thinking about a topic that can follow one another as children
learn about and investigate a topic over a broad span of time”."” The LP mod-
el posits that students progress through a coherent and empirically verifiable
continuum—from a Jower anchor reflecting naive conceptions, through inter-
mediate levels, to an upper anchor representing scientific understanding.!""'!
Implicit in this framework is the assumption that student reasoning at a given
level is relatively consistent across varying problem contexts.!"""!

However, an increasing body of research challenges this assumption by high-
lighting the context-dependence of students’ conceptual reasoning. From the
knowledge-in-pieces (KiP) perspective, diSessa argued that intuitive physics
frameworks consist of fragmented knowledge elements. These elements,
which are called phenomenological primitives or p-prims, are selectively acti-
vated depending on contextual cues."*' Bao and his colleagues demonstrated,

from a conceptual framework perspective, that contextual features such as
surface details or representational formats can trigger different conceptual
resources, leading to inconsistent reasoning even within the same conceptual
domain, "*""

These findings reveal a critical gap in Learning Progression (LP) research.
While conceptual change is typically modeled as a smooth trajectory, learn-
ers’ reasoning often remains fragmented and context-sensitive, particularly in
early learning stages. The degree to which context sensitivity diminishes as
students’ understanding becomes more sophisticated remains underexplored.
To address this gap, the present study adopts a person-centered analytical
approach—Ilatent transition analysis (LTA)—to investigate how students’ un-
derstanding of force concepts evolves in relation to their context dependence.
LTA is particularly suitable for modeling conceptual change that unfolds in a
discrete, stage-like fashion, rather than along a continuous scale, and is thus
aligned with theories of stage-sequential development."” This method also
enables researchers to track individuals’ transitions between latent states over
time, making it possible to explore developmental trajectories in ways that
cross-sectional approaches or continuous latent variable models such as Rasch
cannot."”!

While most prior applications of LTA have focused on affective or behavioral
variables, such as students’ engagement.”*”"’ The present study extends the
application of LTA to the domain of physics conceptual understanding. In do-
ing so, we model students’ reasoning across two core domains, i.e., Force &
Motion and Newton’s Third Law, and further incorporate item-level contextual
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features (e.g., mass, acceleration, or motion status). This design allows us to
examine how conceptual sophistication is dynamically interwoven with sen-
sitivity to surface-level context, revealing a pattern of context dependence as
students’ conceptual understanding progress.

2. Theoretical Framework and Literature Review

2.1 The Conceptual Framework Model for Knowledge Integration

The conceptual framework model has been developed through the synthesis of
existing learning theories of conceptual change and knowledge integration.””
It aims to model students’ reasoning pathways by explicitly representing the
connections among conceptual components and the contextual features present
in problem-solving environments.” This model serves as a useful operation-
al tool to represent students’ knowledge structures and assess the degree of
knowledge integration they have achieved.” In recent studies, the conceptual
framework model has been applied to assess students’ understanding of var-
ious physics domains, such as force and motion (F&M), Newton’s third law
(NTL), light interference, mechanical wave propagation, electric circuits, ener-
gy, and momentum."*"®**** This application facilitates the evaluation of how
students integrate multiple conceptual elements across diverse contexts.

Three interlocking assumptions characterize the conceptual framework mod-
el. First, learners’ ideas and connections are activated by contextual features.
24 In other words, contextual cues influence which conceptual elements are
triggered during reasoning. Second, the structure and integration of activated
ideas vary between novices and experts. While experts organize their ideas hi-
erarchically around a central concept, leading to cohesive reasoning pathways,
novices often bypass central ideas and rely on local or memorized associations
between surface-level features and procedural rules. Therefore, the central idea
functions as a conceptual anchor around which other ideas are connected in
expert-like reasoning. Third, students’ levels of knowledge integration can be
evaluated by the quality and completeness of the reasoning pathways connect-
ing contextual features to central ideas and related conceptual components.
Once a conceptual framework is constructed for a particular concept, it can
inform the development of assessment instruments by mapping students’ rea-
soning pathways across different contexts. Previous research has used such
instruments to categorize student understanding based on performance on
typical and atypical questions.”*"! Typical questions involve familiar contexts
frequently encountered in instruction, while atypical questions are designed to
probe students’ deeper conceptual understanding of less familiar or novel sce-
narios.

For example, Bao and Fritchman assessed students’ assessed students’ under-
standing of NTL using both typical (e.g., force magnitude, direction, type) and
atypical (e.g., interaction pair, causality).” Their findings showed that novice
students performed poorly across both question types and exhibited high sensi-
tivity to surface features such as perceived causality and object characteristics.
Intermediate students showed more consistent reasoning in typical contexts
but partial dependence on some surface cues. Expert-like students demonstrat-
ed robust understanding across both types of questions and were largely insen-
sitive to surface-level features.

In a parallel study, Nie et al. assessed students’ understanding of F&M using
questions in four across four contextual categories: Force, No Force, Motion,
and No Motion.” The results revealed that context significantly affected nov-
ice students’ performance, consistent with fragmented knowledge structures.
Intermediate students showed improvement in reasoning in the No Force and
Motion contexts, while expert-like students demonstrated greater consistency
across all four categories.

These findings support the idea that students’ understanding of force concepts
evolves from context dependence to context independence. The conceptual
framework model places a strong emphasis on contextual activation due to its
influence on learners’ reasoning processes.”"! In applied research, this model
has also guided the design of diagnostic tools to identify specific miscon-
ceptions triggered by context. Researchers have often aggregated students’
responses to items sharing similar contextual features to compare levels of

Table 1. Force and motion learning progression (F&M-LP)

understanding across student groups." "

In the current study, we adopt a person-centered analytic approach—latent
transition analysis (LTA)—to model students’ conceptual development. Unlike
traditional group-mean methods, LTA enables the identification of latent sub-
groups of students with distinct reasoning patterns and tracks their transitions
across these states over time.” This provides a more dynamic representation
of how students’ conceptual understanding and context sensitivity evolve in
tandem during instruction.

2.2 Learning Progressions and Students’ Understanding of Force Con-
cepts

The theory of LPs posits that students’ understanding evolves through a coher-
ent, continuous, and empirically verifiable sequence of conceptual develop-
ment, typically from novice to expert-like performance, and this progression
is mediated through instruction.""'” LPs have been proposed and validated
across various disciplinary core ideas, constructing concepts, and scientific
practices."*””* The development of an LP typically begins by identifying one
or more progress variables, which capture key dimensions of students’ think-
ing within a conceptual domain. Each progress variable is then defined by a
series of qualitatively distinct levels, ranging from a lower anchor (representing
naive or fragmented understanding), through one or more intermediate levels,
to an upper anchor (reflecting scientific understanding).™**"!

The present study focuses on students’ learning progressions in two core ar-
eas of Newtonian mechanics: (1) the relationship between force and motion
(F&M), and (2) the reciprocal nature of forces described by Newton’s Third
Law (NTL). For both domains, LPs have been previously developed and em-
pirically explored. ["****"

In the domain of F&M, Alonzo and Steedle developed one of the most widely
cited LPs in science education.””” This model categorizes students’ reasoning
across four contextual dimensions—Force, No Force, Motion, and No Mo-
tion—and classifies conceptual understanding using ordered multiple-choice
(OMC) instruments. Each OMC item is designed so that individual answer
choices correspond to reasoning levels on the F&M-LP. After multiple rounds
of empirical validation, the authors refined both the LP and the assessment
instrument. The final F&M-LP is summarized in Table 1. Students at the up-
per anchor (Level 4) demonstrate a Newtonian understanding of net force and
acceleration, whereas those at lower levels exhibit persistent misconceptions,
such as believing that motion requires continuous force or that stationary ob-
jects are force-free.

To validate and refine the F&M-LP, several follow-up studies used different
instruments, populations, and modeling techniques.” > For example, Steedle
and Shavelson assessed high school students using items from the Diagnoser
Project to examine consistency with the LP framework.”" Fulmer and his col-
leagues expanded this work by collecting responses from both high school and
introductory university students using the Force Concept Inventory.?***¥%3*
Their study included a sample of nearly 200 undergraduates enrolled in an
introductory psychology course, and aimed to examine whether students’ FCI
responses—when recoded based on LP levels—aligned with the proposed
progression. While their findings offered tentative support for the LP structure,
they also noted moderate reliability and challenges in distinguishing low-
er-level responses, especially in light of the diverse academic backgrounds of
the university sample. Nevertheless, the inclusion of undergraduate students in
their analysis provides valuable initial evidence that key features of the F&M-
LP—such as level distinctions and response patterns—may remain observable
and analytically useful at the college level. While these studies provided strong
support for the upper anchor, they revealed that the lower and intermediate
levels often remain less stable and are sensitive to task design and contextual
features .****

For the domain of NTL, two LPs have been proposed.”"*" The most difference
between these two LPs appears in the fourth level, in which Neumann et al.
argued that students at Level 4 often misapply Newton’s Second Law (F = ma)
in Third Law scenarios, whereas Morgan et al. suggested that students cor-
rectly identify force pairs but mistakenly believe both forces act on the same

Level Description

4 Students understand that the net force applied to an object is proportional to its resulting acceleration (change in speed
or direction) and that this force may not be in the direction of motion.

3 Students understand that an object is stationary either because no forces are acting on it or no net force.
A student has a partial understanding of forces acting on moving objects.

5 Students believe that motion implies a force in the direction of motion and that nonmotion implies no force. Con-
versely, students believe that force implies motion in the direction of the force.

1 Students understand force as a push or pull that may or may not involve motion.

0 Way off-track

Adapted from Alonzo and Steedle "
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Table 2. Newton’s third law learning progression (NTL-LP)

Level Description

5 Students understand that, for every action, there is an equal and opposite reaction. The student understands that
the action and reaction forces are on separate interacting bodies.

4 Students draw upon the concept of Newton’s second law and attempt to apply this concept to third-law situations.

3 Students understand that both interacting objects apply forces to each other but believe the magnitude is related to
the observable behavior of the objects, such as relative motion or being the “cause” of motion.

5 Students understand that both interacting objects apply forces to each other but believe the magnitude is related to
the intrinsic properties of the objects.

1 Students believe that when objects interact, there is a force applied by one object onto another and that the magni-
tude of this force is related to the intrinsic properties of the objects.

0 Way off-track

Adapted from Neumann et al.®"!

object.””*"! Previous empirical studies supported both frameworks to varying
degrees.” ™" For example, Zhou et al. found that younger students frequently
confuse interaction forces with balanced forces, which aligns with Morgan
et al.’s view."") Meanwhile, Low and Wilson observed that post-instruction
students often attempt to apply Newton’s Second Law to NTL contexts, con-
sistent with Neumann’s model.?**"**"

Table 2 presents Neumann et al.’s version of the NTL-LP, which is adopted in
this study due to its partial empirical validation.”**"*”* Fulmer et al. partially
validated Neumann’s LP using responses from Singaporean secondary students
on four FCI items.”” Two recent works demonstrated that FCI Items 15 and 16
can jointly diagnose Level 4 misconceptions—specifically, the misapplication
of Newton’s Second Law in Third Law scenarios.”*"" Accordingly, it seems
possible to diagnose students’ progression levels based on their response pat-
terns across these four items related to NTL measured by the FCIL.

While LPs have proven valuable in identifying and modeling student reason-
ing patterns, they have also faced important theoretical critiques. Early LP
models often assumed that conceptual development was internally coherent
and linear, consistent with a “knowledge-as-theory” perspective in which stu-
dents are viewed as holding stable, theory-like mental models. "***! More re-
cent research challenges this assumption by adopting the knowledge-in-pieces
(KiP) framework, which posits that learners possess loosely connected knowl-
edge elements that are selectively activated depending on context.****! Recent
empirical findings further support the notion that scientific conceptions and

misconceptions can coexist and compete for activation depending on context.
[46-49]

These developments have led to a more nuanced, middle-ground perspective,
in which LPs are recognized as useful tools but must be adapted to account
for non-linear, context-sensitive reasoning.”” This middle-ground view aligns
with the conceptual framework model described in the previous section, which
integrates both structured progressions and context activation as dual mech-
anisms for conceptual change.”' " Accordingly, the current study employs
latent transition analysis (LTA) to operationalize this dual framework by mod-
eling how students shift between latent reasoning states over time, and how
these shifts relate to their context dependence.

2.3 The Current Study

Building upon the theoretical foundations and empirical findings reviewed
above, the present study employs latent transition analysis (LTA) to examine
how introductory physics students’ understanding of force concepts develops
over the course of instruction. This approach enables the modeling of students’
latent conceptual states and their transitions over time, providing insights into
both the structure of students’ conceptual reasoning and the dynamics of their
progression.

Specifically, this study aims to extend prior work by investigating how stu-
dents’ understanding of F&M and NTL evolves in relation to their context de-
pendence—that is, the extent to which their reasoning is influenced by surface
features of problems across contexts. By integrating the learning progression

Table 3. Items and their contextual features selected from the FCI 1995 version

Item Contextual features
Force: No Force: Motion: No motion:
To identify the re-  To identify the re- To identify applied  To identify
F&M sulting motion of sulting motion of an force(s) acting on  applied force(s)

an object having a
nonzero net force.

object with net force
is zero.

a moving object.

acting on a sta-
tionary object.

To determine the rocket’s speed when
22 its engine produced a constant force \/

on it.
To determine the box’s speed moving

across a horizontal floor at a constant

27 speed if the force acting on it was v
canceled.
13 To determine the force(s) acting on a N
ball that was thrown straight up.
29 To determine the force(s) acting on an N
empty office chair at rest on a floor.
Mass: Active/ Acceleration: Velocity:
the one with a Pushing: the one that causes  the one with a

NTL larger mass exerts

a larger force.

only the one that
pushes exerts a force
(or a larger force).

the acceleration
exerts a larger
force.

larger velocity
exerts a larger
force.

To determine the action and reaction
4 forces when a large truck collides \

head-on with a small car.
To determine the action and reaction

15  forces when a small car is pushing a \/

truck and speeding up.
To determine the action and reaction

16  forces when a small car pushes a S

truck and moves at a constant speed.
To determine the action and reaction

28  forces when a heavier student pushes J
a lighter student.

\/

Note: “\” indicates the contextual features were addressed by an item. No item in the FCI was developed for the Velocity context

feature.
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framework with the conceptual framework model of knowledge integration,
this study addresses the coexistence of misconceptions and scientific concep-
tions as students move toward expert-like reasoning.

The following research questions guide the current investigation:

1. Are there qualitatively distinct subgroups of introductory physics
students who exhibit different patterns of understanding in relation to force
concepts? If so, to what extent do these subgroups align with the levels de-
scribed in the proposed learning progressions for F&M and NTL?

2. To what extent can students’ conceptual understanding progres-
sions be explained by their dependence on the contextual features embedded
in force-related problems?

3. How do students’ latent statuses—i.e., their underlying conceptual
understanding of force concepts—change from pre- to post-instruction, and
what patterns characterize these transitions?

3. Methodology

3.1 Participants and Instruments

To investigate students’ learning progression in force concepts and their
dependence on contextual features, this study employed LTA using data col-
lected through the 1995 version of the FCL®* The dataset was drawn from a
large public research university in the United States, ranked within the top 60
nationally and admitting approximately 52% of applicants. A total of 474 stu-
dents (N = 474) enrolled in calculus-based introductory physics courses com-
pleted the FCI. The FCI was administered as a pre-test during the first week of
instruction and again as a post-test during the week preceding the final exam.
The average score on the FCI was 33.77% at the pre-test (Cronbach’s o =
.760) and 45.56% at the post-test (Cronbach’s o = .825), providing a baseline
for interpreting students’ conceptual profiles and progression.

The FCI consists of multiple-choice items covering various force-related
topics. ®**** For the purposes of this study, only items aligned with the LP
frameworks for F&M and NTL were selected. Based on prior research, eight
items were identified as representative of these two LP domains.*7%!

Table 3 categorizes these items by the contextual features they represen
For the F&M domain, four distinct contextual categories were used: Force,
No Force, Motion, and No Motion. Each of the four selected items—Items 13,
22, 27, and 29—was mapped to one of these categories. These categories are
known to activate different student conceptions and are integral to identifying
shifts in reasoning along the F&M-LP.***"!

For the NTL domain, four additional items—TItems 4, 15, 16, and 28—were
selected. These items address one or more of the following contextual features:
Mass, Acceleration, Active/Pushing, and Velocity. While all four NTL items
assess the Mass context, only Item 15 specifically addresses the Acceleration
context. Some items—such as Item 28—combine multiple contextual features,
in this case, Mass and Active/Pushing. Notably, none of the selected FCI items
target the Velocity context independently, which is a limitation previously not-
ed in the literature.”"

3.2 Analysis

Each item on the FCI item includes five response options: one scientifically
correct answer and four distractors designed to elicit common student miscon-
ceptions. Rather than dichotomously scoring responses as correct or incorrect,
the present study retained the full set of response options for each item. This
approach preserves the diagnostic value of students’ choices and enables clas-
sification into distinct latent reasoning patterns. Accordingly, latent transition
analysis (LTA) was used to classify students into latent statuses based on their
selected options and to track how their membership in these statuses changed
over time.

LTA is a longitudinal extension of latent class analysis that models transitions
between qualitatively distinct cognitive states over multiple time points. A
recent study explored the dynamic patterns of student role transitions across
asynchronous (AOD) and synchronous (SOD) online collaborative discus-
sions.”” The researchers employed latent transition analysis (LTA), a longi-
tudinal extension of latent profile analysis (LPA), to examine the dynamic
changes in roles across discussion modes (from AOD to SOD), estimating
item response probabilities (students’ engagement in specific indicators), class
prevalence (proportion of each role), and transition probabilities (likelihood of

[.”3'22‘5”

Table 4. Comparisons of models for the F&M data

role change). Through LTA-based dynamic modeling, the study not only iden-
tified the static distribution of student roles but also uncovered the asymmetry
in role transitions across discussion settings (e.g., highly active roles were
more likely to decline, while low-active roles were less likely to improve) and
structural heterogeneity (distinct behavioral patterns associated with different
transition categories).”” These findings offer quantitative evidence to inform
the design of targeted intervention strategies, such as enhancing the stability of
active roles.

It is particularly well-suited for modeling stage-like conceptual development,
which aligns closely with the structure of learning progressions (LPs).*"** The
rationale for employing LTA in this study is twofold.

First, LTA captures conceptual change as a discrete and categorical process
rather than as movement along a single continuous dimension.!"” This distinc-
tion is important because LPs define conceptual understanding as a series of
qualitatively different levels. In contrast, Rasch-based approaches typically
impose a continuous, unidimensional scale that may overlook important struc-
tural features of student reasoning.'” Therefore, the LTA was used to under-
stand how the data conform to the LPs of force concepts.

Second, LTA provides a framework for modeling latent cognitive constructs
that are not reducible to a single trait."” In the context of force and motion
understanding, Alonzo and Steedle identified four conceptual aspects—Force,
No Force, Motion, and No Motion—that collectively characterize students’
reasoning.""” Likewise, the present study emphasizes that students’ responses
may be differentially influenced by contextual features embedded in FCI items
(e.g., mass, acceleration, or motion status), and that such variation provides
key evidence for context-sensitive knowledge integration.

To conduct the LTA, the PROC LTA procedure in SAS used.""” The analysis
began by determining the optimal number of latent statuses that best described
the data. Specifically, five models were estimated, containing 2 to 6 latent
statuses, respectively. Model fit was evaluated using the Akaike Information
Criterion (AIC), Bayesian Information Criterion (BIC), and the likelihood-ra-
tio chi-square statistic (G*).1*%”! Following prior research, we assumed that the
latent profiles maintained the same structure across pre- and post-instruction
time points, rather than conducting separate LPAs for each occasion ®". This
approach allowed for conceptual comparability of the profiles over time and
enabled meaningful interpretation of longitudinal transitions. Within this
framework, the number of latent profiles was determined by comparing LTA
models of increasing complexity, while allowing profile membership to vary
across time. The model with the lowest AIC and BIC values and a statistically
significant improvement in G” statistic over adjacent models (p<0.05) was se-
lected as the best-fitting model.

Once the optimal model was identified, it produced a set of interpretable pa-
rameters, including: (1) Latent status membership probabilities at pre-instruc-
tion (i.e., the proportion of students in each latent class before instruction), (2)
Transition probabilities between latent statuses from pre- to post-instruction,
and (3) Item-response probabilities, which express the likelihood of select-
ing each item option given latent status membership and time point. These
item-response probabilities provide the basis for interpreting each latent status
in terms of conceptual coherence, consistency with the proposed learning
progression levels, and context sensitivity. By analyzing shifts in latent class
membership and transition pathways, this study aims to uncover not only how
students progress conceptually, but also how their reasoning remains contin-
gent on the contextual features of physical scenarios.

4. Results

4.1 LTA of students’ understanding of force and motion

To identify the optimal number of latent statuses that best represented the het-
erogeneity in students’ conceptual understanding of force and motion (F&M),
latent transition models with 2 to 6 statuses were fitted to the data. Table 4
presents the model fit statistics including log-likelihood (G?), degrees of free-
dom (DF), Akaike Information Criterion (AIC), Bayesian Information Criteri-
on (BIC), and likelihood-ratio tests between adjacent models.

Among all candidate models, the 4-status solution provided the best fit to the
data. It yielded the lowest AIC and BIC values and showed a statistically sig-
nificant improvement over the 3-status model based on the likelihood-ratio test

Number of statuses G DF AIC BIC AG ADF p
2 3015.85 390589 3085.85 3231.49
3 2868.20 390568 2980.20 3213.23 147.64 21 0.000
4% 2717.75 390545 2875.75 3204.48 150.46 23 0.000
5 2671.88 390520 2879.88 3312.64 45.87 25 0.007
6 2622.25 390493 2884.25 3429.37 49.62 27 0.005

Note: Asterisk (*) indicates the selected model.
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Table 5. Item-response probabilities and prevalence of latent statuses (F&M data)

Item-response Probabilities of Latent Status

. . Tran. Near-scien-

Naive Mixed hybrid tific
Item 13. To determine the force(s) acting on a ball that was thrown straight up.
A. A downward force of gravity along with a steadily decreasing 0.086 0.071 0.047 0.042
upward force.
B. A steadily decreasing upward force on the way up and a steadily 0.256 0.265 0.202 0.000
increasing downward force of gravity on the way down.
C. An almost constant downward force of gravity and a steadily de- 0.513 0.485 0.738 0.182
creasing upward force on the way up or a steadily increasing downward force
of gravity on the way down.

. *An almost constant downward force of gravity only. 0.127 0.179 0.000 0.776
E. No force. 0.018 0.000 0.013 0.000
Item 22. To determine the rocket’s speed when its engine produced a constant force on it.

A. Constant. 0.340 0.429 0.281 0.315
B. *Continuously increasing. 0.210 0.214 0.342 0.574
C. Continuously decreasing. 0.022 0.044 0.052 0.023
D. Increasing for a while and constant thereafter. 0.375 0.295 0.282 0.082
E. Constant for a while and decreasing thereafter 0.053 0.018 0.043 0.006
Item 27. To determine the speed of a box that was moving across a horizontal floor at a constant speed if the force acting on it was
canceled.
A. Immediately come to a stop. ) 0.568 0.683 0.000 0.063
153;.0p Continue moving at a constant speed for a while and then slow to a 0.084 0.159 0.179 0.070
C *Immediately start slowing to a stop. 0.348 0.146 0.800 0.842
D. Continue at a constant speed. 0.000 0.007 0.013 0.025
E. Increase its speed for a while and then start slowing to a stop. 0.000 0.005 0.008 0.000
Item 29. To determine the force(s) acting on an empty office chair that is at rest on a floor.
A. A downward force of gravity only. 0.608 0.012 0.065 0.016
o, p
B. A downward force of gravity and an upward force 0.000 0.797 0.563 0767
exerted by the floor.
A downward force of gravity and an upward force 0.000 0.054 0.019 0.012
exened by the floor.
D. A downward force of gravity, an upward force exerted
by the floor and a net downward force exerted by the air. 0.369 0.107 0.313 0.199
E. No force. 0.023 0.030 0.040 0.006
® Preval f Stat Per-test 0.317 0.183 0.358 0.142
7 n
evatence of STatuses Post-test 0000 0416 0323 0.261

Note: Item-response probabilities are constrained to be equal on pre- and post-test occasions. Bold font indicates the enormous item-re-
sponse probabilities given Latent Status for an item. Starred options are the keys for corresponding items.

(AG*(23)=150.46, p <0.001). Additionally, qualitative interpretability of latent
profiles supported the selection of the 4-status model, consistent with prior
studies using latent class and transition models in previous research. *°*"**%!
The 4 latent statuses were labeled based on students’ item-response probabil-
ities: (1) Naive, (2) Mixed, (3) Transitional Hybrid, and (4) Near-Scientific
(see Table 5 and 6). Table 5 and 6 summarized the conditional item-response
probabilities, latent status prevalence at each time point, and transition proba-
bilities from pre- to post-test. These labels were informed by both the structure
of student misconceptions across the four F&M contextual categories (Force,
No Force, Motion, No Motion) and their alignment with previously proposed
levels in F&M learning progressions.

The Naive status is characterized by consistent misunderstandings across all
four contextual features of force and motion. Students in this group predom-
inantly subscribe to the intuitive belief that motion implies force and force
implies motion in the Motion or Force contexts (items 13 and 22). For exam-
ple, in item 22 (Force context), 37.5% of these students selected option D and
34.0% selected option A—both reflecting the misconception that a constant
force causes an object to move at a constant speed. In the No Force context
(item 27), a majority (56.8%) reported that the object would stop immediately
if the applied force was canceled, further reinforcing the flawed association

Table 6. Transition Probabilities Among Latent Statuses (F&M data)

between motion and force. Similarly, in the No Motion context (item 29),
60.8% selected option A, indicating the belief that no motion implies no force,
in which the downward force of gravity is understood as a pull by the earth.
These patterns reflect reasoning dominated by context-triggered intuitive ideas
rather than integrated conceptual understanding.

In contrast, the Mixed status represents an intermediate status where students
begin to develop context-specific understanding. Most notably, 79.7% of stu-
dents in this group correctly answered item 29 (No Motion), suggesting that
they have successfully integrated the concept of force balance in static sce-
narios. However, their responses to items involving the Force, No Force, and
Motion contexts reveal lingering misconceptions similar to those seen in the
Naive status. This pattern implies that the No Motion context may be the most
accessible entry point for conceptual integration in introductory physics learn-
ers.

Students in the Transitional Hybrid status demonstrate a broader, though still
incomplete, conceptual development. A majority responded correctly to both
the No Force (80.0% correct on item 27) and No Motion (56.3% correct on
item 29) items, indicating growing coherence in their understanding of force
equilibrium and inertia. In the Force context (item 22), their response distri-
bution reveals partial progress: although 34.2% selected the scientifically ac-

Latent Status

Naive Mixed Ti ran. Near—s.cientif-
hybrid ic

Naive: showing various misunderstandings of F&M activated by all 0.000 0.796 0.125 0.079
contextual features.
Mixed: showing limited scientific understanding of F&M and misunder- 0.000 0.890 0.096 0.014
standings activated by some contexts.
Transitional hybrid: showing partially scientific understanding of F&M 0.000 0.000 0.743 0.257
and misunderstandings activated by few contexts.
Near-scientific: showing almost consistent understanding of the scientif- 0.000 0.000 0.000 1.000

ic statement of F&M and minor misunderstanding.
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Figure 1. Latent status distributions and transition probabilities from pre- to post-test for force and motion understanding. Each node
represents a latent status at either the pre-test (left) or post-test (right), labeled with the corresponding proportion of students in that sta-
tus. Arrows indicate transitions taken by at least 5% of students, with arrow thickness proportional to the conditional probability of the
transition. The diagram highlights the directional flow of conceptual change, showing predominant transitions from less coherent (e.g.,

Naive) to more coherent (e.g., Near-Scientific) reasoning statuses.

curate option B, the combined probability of selecting incorrect options D and
A (56.3%) suggests that the misconception of constant force causing constant
velocity persists. Similarly, in the Motion context (item 13), 73.8% selected
option C, implying that students still associate motion with an active, dimin-
ishing force—an interpretation inconsistent with Newtonian mechanics. Com-
pared to those in the Mixed status, these students appear to have incorporated
the No Force context into their mental models, yet their reasoning remains
vulnerable to context-activated misconceptions.

Students in the Near-Scientific status show the most consistent application of
Newtonian reasoning across all four contexts. For the Motion, No Force, and
No Motion contexts (items 13, 27, and 29), over 75% selected the correct op-
tion, reflecting well-integrated conceptual understanding. Nevertheless, even
in this advanced group, the Force context (item 22) proved challenging: only
57.4% selected the correct option, and 31.5% still held the misconception that
a constant force results in constant speed. This suggests that even high-per-
forming students may struggle to fully override entrenched intuitive beliefs,
particularly when context features strongly cue everyday reasoning.

The prevalence of latent statuses was further examined. At pre-test, the Tran-
sitional Hybrid status was the most common (35.8%), followed by Naive
(31.7%), Mixed (18.3%), and Near-Scientific (14.2%). After instruction, sub-
stantial shifts occurred: the Naive status became nearly extinct (<0.1%), while
the Mixed and Near-Scientific statuses increased to 41.6% and 26.1%, respec-
tively. This distribution suggests broad movement toward more sophisticated
understanding, particularly in context-sensitive areas.

Transitions among latent statuses from pre- to post-test are summarized in
Table 6 and visualized in Figure 1. The diagonal entries of the transition ma-
trix represent the probability that students remained in the same latent status
after instruction. These probabilities indicate a high degree of stability for the
more advanced statuses. Specifically, students in the Near-Scientific status at
pre-test had a 100% probability of remaining in that status post-test, reflect-
ing well-consolidated conceptual understanding. The Mixed and Transitional
Hybrid groups also demonstrated substantial stability, with 89.3% and 74.3%
of students remaining in their respective statuses. In contrast, the Naive status
showed virtually no retention (<0.1%), suggesting that nearly all students in
this group experienced some degree of conceptual change following instruc-
tion.

The off-diagonal entries reveal a clear and consistent trend of progression to-
ward more scientifically accurate reasoning. Students in the Naive status who
transitioned were most likely to enter the Mixed status (79.6%) or the Transi-
tional Hybrid status (12.5%). Similarly, among students in the Mixed group,
those who advanced most commonly moved into the Transitional Hybrid
status (9.6%). Notably, the highest likelihood of progression into the Near-Sci-
entific status was observed among students starting in the Transitional Hybrid
group, with 25.7% making this transition.

Overall, these findings suggest that conceptual progression of F&M after
instruction tends to occur between adjacent stages along the learning progres-

Table 7. Comparisons of models for the NTL data

sion. This stepwise pattern of change supports the notion of stage-sequential
conceptual development, wherein students build coherence gradually by inte-
grating individual conceptual features across multiple contexts.

4.2 LTA of students’ understanding of Newton’s third law

To examine students’ conceptual development regarding Newton’s Third Law
(NTL), latent transition models with 2 to 6 statuses were fitted to the data.
Model comparison statistics, including log-likelihood (G°), AIC, and BIC,
were used to identify the model that best balances parsimony and fit. As shown
in Table 7, the 2-status model had the lowest BIC, while the 5-status model
yielded the lowest AIC. In line with recent simulation research, which cautions
that BIC may underestimate the number of profiles in moderate samples, we
gave greater consideration to AIC in selecting the optimal model.”” Addition-
ally, likelihood-ratio tests (AG) indicated significant model improvements up
to the S-status solution. The 6-status model, by contrast, did not result in a sta-
tistically significant improvement over the S-status model (AG%26) = 21.72, p
=.704). The five-status model was thus selected for its statistical fit, improved
conceptual resolution, and alignment with learning progression theory, which
emphasizes the importance of distinguishing transitional stages in conceptual
development.

The 5 latent statuses were interpreted as: Naive, Lower-Mixed, Upper-Mixed,
Transitional Hybrid, and Near-Scientific. These groups reflect varying degrees
of conceptual accuracy and context sensitivity, and they mirror some of the
distinctions observed in the F&M domain, though with finer differentiation
between mixed profiles.

The Naive status is characterized by the highest probabilities across all items
for responses indicating that, although both objects interact and exert forces
on each other, the heavier, larger, or more active object always exerts a greater
force. For instance, in item 4, 83.1% of students in this group selected option
A, reflecting a common misconception influenced by the Mass contextual
feature—namely, that the truck with greater mass exerts more force on the
smaller car (Table 8). A similar response pattern appears in items 15 and 16,
where 32.0% and 43.8% of students, respectively, selected option B, again
suggesting a mass-based misconception. Furthermore, a notable proportion
of students in this status selected option D (27.3% for item 15 and 21.9% for
item 16), indicating the belief that only the more active object (i.e., the car
pushing the truck) exerts a force—an error likely triggered by the Active/Push-
ing contextual feature. It should also be noted that students’ choice of option
B in item 15 may stem from the influence of the Acceleration context, leading
to the mistaken belief that the accelerating object exerts more force than the
one being acted upon. Taken together, these results suggest that students in the
Naive status are susceptible to multiple conceptual features and hold various
context-triggered misconceptions regarding Newton’s Third Law.

The remaining four statuses show a higher likelihood of correct reasoning on
at least one item. The Lower-Mixed and Upper-Mixed statuses demonstrate
similar correct response probabilities on item 16 (49.2% and 52.0%, respec-
tively), but a deeper examination reveals important differences. Both statuses

Number of statuses G DF AIC BIC AG ADF p
2 1797.74 249966 1863.74 2001.06
3 1678.67 249946 1784.67 2005.21 119.07 20 0.000
4 1630.98 249924 1780.98 2093.07 47.69 22 0.001
5% 1559.62 249900 1757.62 2169.58 71.36 24 0.000
6 1537.90 249874 1787.90 2308.05 21.72 26 0.704

Note: Asterisk (*) denotes the selected mode
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Table 8. Item-response probabilities and prevalence of latent statuses (NTL data)

Item-response Probabilities of Latent Status

.. Lower Up Tran. Lo

Naive -mixed per-mixed  hybrid Near-scientific
Item 4. To determine the action and reaction forces when a large truck collides head-on with a small car.
A. The larger truck exerts more force. 0.831 0.863 0.919 0.220 0.044
B. The larger truck exerts less force. 0.000 0.021 0.010 0.002 0.000
C. No force. 0.037 0.000 0.000 0.000 0.000
D. Only the lager truck exerts a force. 0.055 0.011 0.002 0.003 0.000
E. *The action and reaction forces are equal. 0.077 0.105 0.069 0.775 0.956
Item 15. To determine the action and reaction forces when a small car is pushing a truck and speeding up.
A. *The action and reaction forces are equal. 0.210 0.119 0.085 0.428 0.948
B. The larger truck exerts more force. 0.320 0.074 0.133 0.033 0.035
C. The more active car or the car “causing” the motion 0.197 0.676 0.772 0.539 0.000
exerts more force.
D. Only the more active car exerts a force. 0.273 0.131 0.010 0.000 0.017
E. No force. NA NA NA NA NA
Item 16. To determine the action and reaction forces when a small car pushes a truck and moves at a constant speed.
A. *The action and reaction forces are equal. 0.079 0.492 0.520 0.840 0.915
B. The larger truck exerts more force. 0.438 0.032 0.022 0.000 0.028
C. The more active car or the car “causing” the motion 0.000 0331 0451 0.138 0.044
exerts more force.
D. Only the more active car exerts a force. 0.219 0.124 0.001 0.004 0.000
E. No force. 0.264 0.021 0.006 0.018 0.013
Item 28. Determining the action and reaction forces when a heavier student is pushing a lighter student.
A. No force. 0.021 0.157 0.005 0.005 0.082
B. Only heavier or more active student exerts a force. 0.058 0.479 0.031 0.000 0.058
(ff).rce The heavier or more active student exerts less 0.052 0364 0.058 0.024 0.012
]f?).r . The heavier or more active student exerts more 0.698 0.000 0.797 0.246 0.000
E. *The action and reaction forces are equal. 0.171 0.000 0.109 0.725 0.848
[} Prevalence of Statuses Pre-test 0.051 0.142 0.611 0.138 0.058
at Post-test 0.064 0.053 0.385 0.409 0.089

Note: Item-response probabilities are constrained to be equal on pre- and post-test occasions. Bold font indicates the enormous item-re-
sponse probabilities given Latent Status for an item. Starred options are the keys for corresponding items.

show strong misconceptions activated by the Mass context, as indicated by the
high probabilities of selecting option A for item 4 (86.3% and 91.9%, respec-
tively). On item 15—which involves Mass, Active/Pushing, and Acceleration
features—students in both groups most frequently selected options reflecting
that the more active or accelerating object exerts more force (e.g., 67.6% for
Lower-Mixed and 77.2% for Upper-Mixed).

However, the groups diverge in item 28. Students in the Lower-Mixed status
most commonly selected option B (47.9%), suggesting the belief that only the
heavier student applies a force to the lighter one. In contrast, students in the
Upper-Mixed status selected option D (79.7%), indicating the belief that the
heavier student exerts a greater force—an interpretation consistent with their
previous responses. Thus, while the Upper-Mixed status reflects a more stable
but incorrect application of mass-dominant reasoning, the Lower-Mixed group
reveals a more varied misconception pattern, potentially combining multiple
intuitive frameworks. To summarize: (1) students in the Lower-Mixed status
may believe either that the more massive or accelerating object always exerts
more force, or that only the heavier/active object applies force; (2) students in
the Upper-Mixed status appear more consistently committed to the idea that
the heavier or causative object always exerts a greater force.

Students in the Transitional Hybrid status are more likely to respond correctly
to two items—item 4 and item 28—demonstrating an improved but still partial
understanding of Newton’s Third Law. Nevertheless, they remain susceptible
to the Acceleration context. Specifically, 53.9% selected option C in item 15,
reflecting the misconception that the object causing the acceleration exerts a
greater force. This pattern suggests that these students may still be incorrectly
applying Newton’s Second Law in Third Law contexts.

Finally, students in the Near-Scientific status showed the highest probability of
responding correctly across all four items. These students consistently recog-
nized that both interacting objects exert equal and opposite forces on each oth-
er, regardless of mass, motion, or apparent activity. For each of the four NTL
items, this group demonstrated approximately 90% probability of selecting
the scientifically correct response, indicating a robust and context-independent
understanding of Newton’s Third Law.

The prevalence of latent statuses was further examined. At pre-test, the most
prevalent group was Upper-Mixed (61.1%), followed by Lower-Mixed (14.2%)
and Transitional Hybrid (13.8%). After instruction, the Transitional Hybrid
group became the most common (40.9%), while Upper-Mixed remained sub-
stantial (38.5%), and Near-Scientific increased modestly to 8.9%.

However, the groups diverge in item 28. Students in the Lower-Mixed status
most commonly selected option B (47.9%), suggesting the belief that only the
heavier student applies a force to the lighter one. In contrast, students in the
Upper-Mixed status selected option D (79.7%), indicating the belief that the
heavier student exerts a greater force—an interpretation consistent with their
previous responses. Thus, while the Upper-Mixed status reflects a more stable
but incorrect application of mass-dominant reasoning, the Lower-Mixed group
reveals a more varied misconception pattern, potentially combining multiple
intuitive frameworks. To summarize: (1) students in the Lower-Mixed status
may believe either that the more massive or accelerating object always exerts
more force, or that only the heavier/active object applies force; (2) students in
the Upper-Mixed status appear more consistently committed to the idea that
the heavier or causative object always exerts a greater force.

5. Discussion

5.1 Latent statuses of students’ understanding of force concepts measured
by the FCI and their relationship to the proposed LPs

This study employed LTA on selected FCI items to identify students’ concep-
tual understanding patterns of F&M and NTL. The LTA results revealed four
and five qualitatively distinct latent statuses for F&M and NTL, respectively,
representing a progression from naive to near-scientific reasoning. The overall
patterns align closely with the learning progression (LP) levels previously pro-
posed by Alonzo and Steedle for F&M and by Neumann et al. for NT '**!
Based on students’ responses to four F&M-related items, four latent statuses
were identified. The most advanced group—Ilabeled Near-Scientific—cor-
responds well to Level 4 of the F&M-LP, in which students are expected to
recognize that net force is proportional to acceleration, not velocity."” The
Mixed and Near-Scientific statuses share some features of Level 3, wherein
students typically begin to understand force interactions on stationary objects
but may still harbor misconceptions in other contexts."” For example, students
in both groups demonstrated high probabilities of correctly identifying bal-
anced forces acting on a stationary chair (item 29, No Motion context), consis-
tent with the cognitive benchmarks of Level 3.

However, further distinctions are notable. While Mixed students continued to
exhibit misconceptions in other contexts (e.g., Force and Motion). Meanwhile,
the Naive group demonstrated misconceptions characteristic of Level 2 (e.g.,
associating force with motion and vice versa), but also displayed confusion
consistent with Level 3 (e.g., believing constant force produces constant
speed). " For example, students in this status indicated that a box without ap-
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Table 9. Transition Probabilities Among Latent Statuses (NTL data)

Latent Status
. Lower Up Tran. L
Naive -mixed  per-mixed hybrid Near-scientific
Naive: showing various misunderstandings of NTL activated by 0.507 0.000 0.235 0.258 0.000
all contextual features. o )
Lower'-mlxed: shoWlng llmlted scientific understanding of NTL 0.000 0365 0342 0.000 0293
and misunderstandings activated by some contexts.
Upper-mixed: showing limited scientific understanding of NTL
and misunderstandings activated by some contexts (less than the ~ 0.039 0.000 0.530 0.431 0.000
lower-mixed status).
Transitional hybrid: showing partially scientific understanding
of NTL and misunderstandings activated by few contexts. 0.102 0-000 0.004 0.894 0-000
Near-scientific: showing almost consistent understanding with 0.000 0.031 0.000 0.151 0818

the scientific statement of NTL and minor misunderstanding.

Figure 2. Latent status distributions and transition probabilities from pre- to post-test for Newton’s Third Law understanding. Each node
indicates the proportion of students in each latent status before and after instruction. Arrows represent transitions occurring in at least 5%
of cases. Arrow thickness reflects transition probability. The figure illustrates predominant shifts from misconception-driven reasoning

to increasingly scientific understanding.

plied force will stop moving (item 27, No Force context), and that a constant
force causes constant velocity (item 22, Force context).

These findings indicate that while the lower and upper anchors of the F&M-LP
are well-supported, the intermediate levels may benefit from further differen-
tiation. In particular, the Transitional Hybrid status—positioned between the
Mixed and Near-Scientific statuses—appears to capture a distinct developmen-
tal stage not explicitly identified in the original LP. With more advanced learn-
ers, finer-grained distinctions may emerge at the upper end of the progression.
Thus, this study supports revising the F&M-LP to include an additional inter-
mediate level between Levels 3 and 4.

Turning to Newton’s Third Law, five latent statuses emerged based on
students’ responses to four relevant FCI items. The most advanced status,
Near-Scientific, closely aligned with Level 5 of the NTL-LP proposed by Neu-
mann et al., in which students recognize that all forces in an interaction occur
in equal and opposite pairs—regardless of mass, motion, or contextual cues.
[31,37]

The relationship between the remaining statuses and Levels 1-4 of the NTL-
LP, however, is less straightforward. According to Neumann et al.’s original
LP, Level 1 describes students who believe that one object applies a force to
another based on intrinsic properties such as mass. °"*" Interestingly, this be-
lief was most prominently observed in the Lower-Mixed status rather than in
the Naive status. For instance, students in the Lower-Mixed group were more
likely to claim that only the heavier or more active object applies force (item
28), suggesting they held a context-activated misconception consistent with
Level 1. In contrast, students in the Naive group often recognized that both ob-
jects apply forces but incorrectly believed the magnitudes differed depending
on mass or motion. These patterns reflect conceptual features associated with
Levels 2 and 3 of the NTL-LP, where students acknowledge mutual forces but
interpret them as unequal due to observable behaviors or physical properties.
[31,37]

Therefore, the boundaries between Levels 1 through 3 in the original NTL-LP
appear to overlap in practice. This warrants reconsideration and possible revi-
sion of the NTL-LP to better reflect how these ideas manifest simultaneously
in students’ thinking.

The Transitional Hybrid status aligned well with Level 4 of the NTL-LP, in
which students attempt to apply Newton’s Second Law to Third Law scenar-
ios. For example, students in this group frequently selected item 15°s option
C, which implies that the object “causing” the acceleration exerts more force.
However, as noted in previous research, this misconception can also stem from

Level 3 thinking—that is, inferring force magnitude from the observed effect
of motion. ®"*” Importantly, students in the two Mixed statuses also showed
this error but were less consistent in their responses, and their misconceptions
were compounded by reasoning typical of lower levels (e.g., misunderstanding
of mass effects). This suggests that while option C may reflect Second Law
misapplication, it may also indicate less sophisticated misconceptions, particu-
larly in the Mixed groups.

In light of this, the current study proposes that Neumann et al.’s NTL-LP
should be extended by inserting additional intermediate levels between Levels
3 and 4, analogous to the proposed revision for the F&M-LP. These additions
would better capture the nuances of students’ context-dependent reasoning and
provide more actionable benchmarks for instructional design and assessment.
5.2 The relationship between students’ progressively sophisticated con-
ceptual understanding and the dependence on the conceptual features of
force concepts

The results of this study provide strong evidence for a developmental rela-
tionship between students’ conceptual understanding of force concepts and
their dependence on specific contextual features. Across both F&M and NTL
domains, students progressed from a high dependence on surface-level contex-
tual cues (e.g., mass, motion, causality) to more generalized and context-inde-
pendent reasoning as their understanding advanced from Naive to Near-Scien-
tific.

For the F&M domain, students in the Naive status exhibited substantial mis-
conceptions across all four contextual categories (Motion, Force, No Force,
and No Motion). Students in the Mixed status exhibited reduced miscon-
ceptions but were still affected by three contextual categories—particularly
the Motion (item 13), Force (item 22), and No Force (item 27) contexts. In
contrast, those in the Near-Scientific status showed minimal context-triggered
errors, with the Motion context remaining the most challenging. These find-
ings suggest a hierarchy of conceptual accessibility among contextual features:
students tend to first develop accurate reasoning in the No Motion context,
followed by improvements in the Force and No Force contexts, with Motion
remaining the last and most difficult to integrate accurately. This progression
aligns closely with prior empirical work that has emphasized context effects in
student reasoning ["**!

A similar pattern was observed for NTL. The four NTL-related FCI items used
in this study involved three key contextual features—~Mass, Active/Pushing,
and Acceleration—all known to influence students’ interpretations.”"! Students
in the Naive and both Mixed statuses consistently demonstrated misconcep-
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tions triggered by either the Mass or Acceleration contexts. In particular, these
students often misattributed force magnitude based on which object appeared
more active, larger, or responsible for the motion. However, students in the
Transitional Hybrid status exhibited a narrower dependence: their misconcep-
tions were primarily confined to the Acceleration context, often misapplying
Newton’s Second Law in Third Law situations (e.g., inferring that the accel-
erating object exerts more force). By contrast, students in the Near-Scientific
group demonstrated minimal sensitivity to any of the contextual features, con-
sistently applying Newtonian reasoning across diverse scenarios.

These findings support a key premise from the KiP perspective: that concep-
tual reasoning is highly context-dependent at early stages and becomes more
coherent and transferable over time. ! As students progress conceptually, they
are increasingly able to map physical phenomena to appropriate theoretical
models, integrating fragmented elements into more structured, central-idea-ori-
ented knowledge networks. This is consistent with the Conceptual Framework
Model, which posits that novices’ reasoning is composed of loosely connected,
context-activated ideas, while experts organize their understanding around
central conceptual nodes that unify reasoning across contexts.”!

Taken together, these findings suggest that the extent of a student’s dependence
on contextual features serves as an important diagnostic indicator of their po-
sition along the conceptual progression. The latent statuses identified via LTA
offer a nuanced lens for evaluating this relationship, providing strong empiri-
cal support for modeling conceptual understanding and context-dependence as
interwoven dimensions of learning.

From an assessment perspective, these findings highlight the need for diag-
nostic instruments that are deliberately designed around contextual features.
Several studies have taken this approach. For example, Bao et al. developed
a context-based multiple-choice assessment specifically to probe how various
contextual cues affect students’ understanding of NTL.”") More recently, re-
searchers working within the conceptual framework paradigm have expanded
this approach to develop multiple context-sensitive instruments across physics
domains."7**** The current study further illustrates the utility of LTA as a
methodological tool for capturing the dynamic interplay between conceptual
development and context activation. This approach provides a powerful means
for refining learning progressions, informing targeted instruction, and design-
ing assessments that reveal the deeper structure of student thinking.

5.3 The transitions of latent statuses of students’ understanding of force
concepts over time

The results of this study indicate that, overall, students tended to remain in the
same latent status from pre- to post-test—with the notable exception of those
initially classified in the Naive status for Force and Motion (F&M). Students
in the Naive group exhibited high transition probabilities into adjacent, more
advanced statuses, suggesting a degree of conceptual movement even in the
absence of specific intervention. For students in other statuses, however, tran-
sitions to higher levels occurred with less than 50% probability, indicating
relatively limited upward progression during the instructional period.

This limited degree of conceptual change is not unexpected, as the current
study did not implement any targeted instructional interventions designed
to explicitly promote students’ progression along the learning progression.
The findings, therefore, reflect naturalistic shifts that may result from general
course exposure rather than deliberate pedagogical strategies.

Nonetheless, existing research has identified instructional methods that can
effectively support conceptual progression. In particular, studies grounded in
the conceptual framework approach have shown that instruction which em-
phasizes knowledge integration around a central disciplinary idea can facilitate
more coherent understanding and reduce students’ reliance on surface-level
contextual features. !> Instructional designs that explicitly highlight the
central scientific idea and its connections to various related concepts have been
found to help students restructure their knowledge and recognize commonali-
ties across different problem contexts.

Additionally, this study revealed a systematic pattern in the order of contextual
features to which students are sensitive during their progression. For example,
in the F&M domain, students appeared to first integrate understanding in the
No Motion context, followed by Force and No Force, and only later in Motion.
In the NTL domain, dependency on features such as Mass, Active/Pushing,
and Acceleration gradually diminished as students developed more scientific
reasoning. These findings suggest that instructional interventions could be
designed to scaffold learning across contextual features, gradually expanding
students’ ability to apply central ideas across increasingly challenging or mis-
leading contexts.

In sum, while the present study was not intervention-based, it offers valuable
insights into the trajectory of conceptual change and the context-dependence
of reasoning. Future instructional designs could build on these insights by

sequencing learning activities to first consolidate understanding in less ambig-
uous contexts before introducing those known to activate persistent miscon-
ceptions. Doing so may promote smoother and more robust transitions along
the conceptual continuum.

5.4 Limitations

This study has several limitations that should be acknowledged when inter-
preting the findings. First, only eight items from the FCI were included in the
analysis—four targeting F&M and four targeting NTL. This limitation was
largely due to the analytic framework adopted in the study. Specifically, LTA
was conducted using students’ full response patterns across five options per
item, rather than dichotomous scoring. With four items and five response op-
tions each, the number of unique response patterns becomes 5* = 625. Given a
sample size of 474 students across pre- and post-tests, the maximum number
of potential response patterns is 948 (2 x 474), which is sufficient to cover
the 625 possibilities. However, increasing the number of items exponentially
inflates the response pattern space. For example, analyzing eight F&M items
would yield 5% = 390,625 possible response combinations—far exceeding the
number of participants, and thereby violating assumptions of response pattern
sparsity required for stable LTA modeling. Furthermore, although the F&M
learning progression was originally developed based on middle school popu-
lations, prior research has demonstrated that its conceptual distinctions remain
observable among university students. Even so, applying a K—12-derived mod-
el to post-secondary learners may entail interpretive constraints that should be
acknowledged.

Future studies could address this limitation by using larger-scale datasets, such
as those available through repositories like PhysPort, which hosts more than
20,000 matched pre—post student responses to the 1995 version of the FCI.
7 Such datasets would enable the inclusion of more items, thus offering a
more comprehensive representation of students’ conceptual structures across a
broader range of contexts.

Second, a conceptual overlap among contextual features in some NTL items
introduced interpretive ambiguity. Many of the selected items activated multi-
ple conceptual features simultaneously—for example, Mass, Active/Pushing,
and Acceleration—making it difficult to isolate which specific feature was
responsible for triggering students’ misconceptions. This may have contrib-
uted to some ambiguity in interpreting intermediate latent statuses. Similar
challenges have been noted in prior studies, including mixed conceptual acti-
vation within profiles and topic-based variation affecting transition patterns.
2126 This limits the precision of the contextual feature diagnosis in the NTL
domain. In addition, none of the available NTL items from the FCI addressed
velocity-based scenarios, which may have resulted in an underrepresentation
of misconceptions specific to that context. However, as our primary research
goal was to investigate how patterns of context-sensitive reasoning vary across
latent groups rather than to diagnose each misconception type in isolation,
this omission is unlikely to substantially affect the validity of our inferences.
Future work could employ diagnostic instruments that are more carefully de-
signed to target a single contextual feature per item. One promising example
is Bao et al.’s context-based multiple-choice survey, in which each item is
explicitly designed to probe a distinct feature of NTL reasoning. ® This level
of diagnostic specificity would help disentangle the effects of overlapping con-
textual variables on students’ conceptual activation patterns.

6. Conclusion

This study contributes to our understanding of how contextual features inter-
act with students’ conceptual development in physics, specifically within the
domains of F&M and NTL. By employing LTA, we were able to model the
progression of students’ conceptual understanding alongside their contextual
dependence, revealing distinct latent statuses that corresponded with varying
degrees of reasoning sophistication and context sensitivity.

The findings indicate that as students progress from naive to near-scientific
understanding, they exhibit decreasing reliance on context-dependent cues and
increasingly consistent application of core scientific principles. This pattern
was observed across both F&M and NTL domains, supporting the view that
context-independence is a hallmark of conceptual integration. Furthermore, the
identified latent statuses generally aligned with existing learning progression
models, though our analysis also revealed the need for additional intermediate
levels to better capture the nuanced shifts in students’ reasoning.

Importantly, the study underscores the value of explicitly considering contex-
tual features in both instructional design and diagnostic assessment. Instruction
aimed at promoting deep conceptual learning should not only focus on central
scientific ideas, but also on helping students generalize their understanding
across varied problem contexts. Similarly, assessments that systematically vary
contextual features can more effectively uncover students’ misconceptions and
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inform targeted intervention.

In sum, this research demonstrates the utility of LTA as a methodological tool
for tracing conceptual development and provides empirical support for the in-
tegration of context-based reasoning within learning progression frameworks.
Future instructional and assessment efforts should leverage these insights to
foster more robust, transferable scientific understanding in learners.
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