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Abstract

Structural equation modeling (SEM) is a statistical method widely used in educational research to investigate
relationships between variables. Using a SEM model involves a crucial step of considering statistically equivalent
models and contemplating why the proposed model should not be rejected in favor of equivalent ones. However,
many studies using SEM did not explicitly discuss this step. In this study, we use physics identity model as an
example to demonstrate how multiple statistically equivalent models have distinct instructional implications.
Previous research has indicated that physics identity comprises three dimensions: perceived recognition, self-
efficacy, and interest. However, the relationships between these dimensions have not been thoroughly understood.
Here, we discuss how our proposed model with perceived recognition predicting self-efficacy and interest is
supported by prior studies involving individual student interviews and how intervention studies can further
determine a more accurate causal model. Our study highlights the importance of considering statistically
equivalent models when using SEM as an analysis tool.

Introduction and theoretical framework

Structural Equation Modeling (SEM) is a statistical method widely used in research to analyze
predictive relationships among variables (Kline, 2015). It enables researchers to examine both
the measurement properties of latent variables and the structural relationships between them
(Kline, 2015). SEM has proven to be highly valuable across diverse fields (Kline, 2015). In
physics education research, for example, SEM helps researchers to explore the predictive
relationships between various factors and students' learning outcomes (Godwin, Potvin, Hazari,
& Lock, 2016; Li & Singh, 2021). The process of conducting SEM analyses typically involves
several steps: model specification, evaluation of model identification, data collection, and
model estimation and evaluation (Kline, 2015). Within the model estimation and evaluation
step, one crucial element is considering statistically equivalent models and contemplating why
the proposed model should not be rejected in favor of these alternatives (Kline, 2015). However,
this element is often overlooked in SEM studies, potentially undermining the robustness of
research findings (MacCallum & Austin, 2000).

In this study, we use physics identity model as an example to discuss multiple statistically
equivalent SEM models to the one we selected based upon other data from individual
interviews. Each equivalent model may have distinct instructional implications. The remainder
of the introduction is structured as follows: Firstly, we provide an overview of SEM. Then, we
discuss the application of SEM to investigate the relationships among the three dimensions of
physics identity: perceived recognition, self-efficacy, and interest, highlighting the significance
of considering statistically equivalent models. Finally, we propose a model based on prior
studies involving interviews conducted by us and findings by other researchers.
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General approach to SEM

SEM involves several key steps to analyze predictive relationships among variables. The first
step is model specification, in which researchers establish the hypothesized relationships
between observed variables and their corresponding latent variables, as well as the relationships
among the latent variables (Kline, 2015). This step relies on previous research and domain
knowledge (Kline, 2015), providing the foundation for the subsequent steps of the analysis.

After specifying the model, researchers evaluate its identification (Kline, 2015). Model
identification refers to determining whether the model is under-identified, just-identified, or
over-identified (Kline, 2015). An under-identified model is characterized by having more
parameters to be estimated than the number of data points (variances and covariances of the
observed variables) available in the model. This results in negative degrees of freedom,
indicating that there is insufficient information for evaluating the model. The degrees of
freedom are obtained by subtracting the number of parameters to be estimated from the total
number of data points. A just-identified model has an equal number of parameters to be
estimated and data points. An over-identified model, on the other hand, has more data points
than parameters to be estimated. A model must be just-identified or overidentified to estimate
parameters (Kline, 2015). Over-identified models are particularly important in SEM because
they enable researchers to examine indices of model fit, which assess how well the tested model
describes the observed data (Kaplan, 2008).

Subsequently, researchers proceed to data collection, which involves gathering, preparing, and
screening the data to ensure its quality and suitability for analysis (Kline, 2015). Appropriate
data selection and preparation are essential for obtaining reliable and valid results.

Once the data is prepared, researchers estimate and evaluate the model using statistical software.
The first step in estimation is evaluating the fit of the model to the data (Kline, 2015). Fit
indices such as the chi-square test, Comparative Fit Index (CFI), and Root Mean Square Error
of Approximation (RMSEA), are used to assess how well the model aligns with the observed
data. If the fit is unsatisfactory, researchers may need to revise the model to improve its
alignment (Kline, 2015). Assuming an acceptable fit, researchers proceed to interpret the
parameter estimates, which represent the strength and direction of relationships between
variables (Kaplan, 2008). In addition to interpreting the proposed model, one crucial element
of model evaluation is considering statistically equivalent models that provide alternative
representations of the data (Kline, 2015). Statistically equivalent models have different causal
structure but are identical in fit to the data (Kline, 2015). They are a set of models that yield
identical correlation matrices, fit function and chi-square value, and goodness-of-fit indices
(Hershberger & Marcoulides, 2006). Consequently, these equivalent models can explain the
data equally well compared to researchers’ preferred model but may make different causal
claims (Kline, 2015). Therefore, researchers should explicitly acknowledge the existence of
equivalent models, generate plausible alternative versions of their model, and provide reasons
for favoring their preferred model over the equivalent versions (Kline, 2015). By considering
equivalent models, researchers enhance the reliability and robustness of their study (Kline,
2015).
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Physics Identity Framework

Prior studies have shown that physics identity is a crucial motivational factor for explaining
students’ participation in physics related careers (Godwin et al., 2016; Hazari, Sonnert, Sadler,
& Shanahan, 2010). Physics identity pertains to students' perception of themselves as "physics
people" and influences their career decisions and academic goals (Hazari et al., 2010). Prior
studies have identified three interrelated dimensions of physics identity: perceived recognition
by others as a physics person, physics self-efficacy and interest (Hazari et al., 2010). These
dimensions have been shown to be important predictors of students' overall physics identity
(Godwin et al., 2016; Li & Singh, 2022b).

Perceived recognition in a domain, such as physics, refers to students’ perception about whether
other people see them as a physics person (Hazari & Cass, 2018). Prior studies have shown that
perceived recognition is the strongest predictor of students’ physics identity compared to self-
efficacy and interest (Cwik & Singh, 2022a; Godwin et al., 2016; Kalender Marshman, Schunn,
Nokes-Malach, & Singh, 2019; Li & Singh, 2022a). Moreover, perceived recognition also
predicts students’ course grades in introductory physics courses (Cwik & Singh, 2022b; Li,
Whitcomb, & Singh al., 2020).

Self-efficacy, defined as students’ beliefs in their capability to succeed in a certain situation,
task, or particular domain (Bandura, 1994; Cwik & Singh, 2023; Kalender et al., 2019; Vincent-
Ruz & Schunn, 2017), can influence students’ engagement and performance in a given domain
(Schunk & Pajares, 2002; Zimmerman, 2000). Students with high self-efficacy often enroll in
more challenging courses than those with low self-efficacy because they perceive difficult tasks
as challenges rather than threats (Watt, 2006).

Interest is defined by positive emotions accompanied by curiosity and engagement in particular
content (Hidi, 2006). Interest has also been shown to influence students’ learning outcomes
(Hidi, 2006; Smith, Sansone, & White, 2007; Zimmerman, 2000). For example, one study
showed that making science courses more relevant to students’ lives and transforming curricula
to promote interest in learning can improve students’ achievement (Hiussler & Hoffmann,
2002).

Research suggests that these three motivational constructs correlate to and interact with each
other (Bandura, 1994; Hidi & Renninger, 2006), but the predictive relationships among them
are unclear. Prior studies have proposed different models to explain these relationships. For
example, some prior studies used a model in which self-efficacy is the predictor of both interest
and perceived recognition (Godwin, Potvin, Hazari, & Lock, 2016; Lock, Hazari, & Potvin,
2019), while another study used the model in which interest is the predictor of both self-efficacy
and perceived recognition (Hazari, Chari, Potvin, & Brewe, 2020). Although most of these
studies have presented theoretical frameworks for their models, they have not explicitly
discussed the existence of statistically equivalent models and how their proposed models are
favorable compared to the equivalent ones based on evidence beyond model fit indices
(Crockett, 2012).

In this study, we propose a SEM model in which perceived recognition predicts self-efficacy
and interest, and self-efficacy predicts interest. This model draws inspiration from our previous
qualitative research (Doucette, Clark & Singh, 2020; Doucette & Singh, 2020; Li & Singh,
2023; Santana & Singh, 2021) and other researchers’ studies (Bandura, 1994; Hidi & Renninger,
2006). For example, prior research has shown that self-efficacy is influenced by encouragement
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or discouragement related to one's performance or ability (Bandura, 1994). Similarly, external
encouragement is crucial for students to maintain and develop their interest, particularly when
faced with difficulties (Bloom, 1985; Hidi & Renninger, 2006). In our prior interviews with
students in physics courses, we found that compared to men, women were less likely to feel
positively recognized by instructors and teaching assistants (TAs), which adversely affected
their self-efficacy and interest (Doucette & Singh, 2020; Li & Singh, 2023). Furthermore, prior
studies have shown that people’s self-efficacy can influence their interest in a task (Silvia, 2001,
2003). These findings have informed our specification of the SEM model in Figure 1. In this
model, perceived recognition predicts self-efficacy and interest, self-efficacy predicts interest,
and these three constructs mediate the relation between gender and physics identity (note that
although there can be a direct path from gender to identity, we never find that path to be
statistically significant in any models examined in this paper, so we have omitted it for clarity).
In this study, we test this proposed model and also consider its statistically equivalent models
and their potential instructional implications. Additionally, we discuss how intervention studies
can further contribute to identifying a more accurate causal model among the statistically
equivalent ones.

Figure 1. Schematic representation of the proposed SEM model in which perceived
recognition (Recog) predicts self-efficacy (SE) and interest, and self-efficacy predicts
interest.

Research questions
Our research questions are as follows:

RQ1. What are the gender differences in students’ self-efficacy, interest, perceived recognition,
and overall physics identity at the end of physics courses?

RQ2. How well does our proposed model fit the data?
RQ3. How many statistically equivalent models does our proposed model have?

RQ4. What are the potential instructional implications of different statistically equivalent
models and how can one further determine a more accurate causal model?
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Methodology

Participants

The survey data used in this study were collected at the end of the second course of a two-term
college calculus-based introductory physics sequence (physics 2) in two consecutive spring
semesters. Physics 2 includes topics such as electricity and magnetism, interference, and
diffraction. This course is a traditional lecture-based course (4 hours per week) with recitations
(1 hour per week) in which students typically work collaboratively on physics problems. This
course is generally mandatory and taken by those intending to major in engineering, physical
science, and mathematics in the second semester of the first year of their undergraduate studies.
In physics 2, after students have been on campus for a semester, the feeling of uncertainty and
anxiety during the transition to college may decrease. As students gradually adapt to the new
environment, their motivational beliefs may also become more stable. In addition, students in
the introductory physics course are admitted to engineering school and school of arts and
sciences as undecided majors, and they usually declare their majors in their second year, which
is after physics 2. Thus, their physics motivational beliefs at the end of physics 2 are important
in influencing their major decisions in engineering and physical science disciplines.
Furthermore, the introductory physics sequence is generally mandatory for these students
because it is the foundation of many disciplines and contributes directly to engineering, and
most scientific fields, so their motivational beliefs at the end of this sequence may also have a
long-term influence on their future studies and career. Therefore, in this study, we focus on
students’ motivational beliefs and the predictive relationships among them at the end of physics
2.

This research protocol was approved and carried out in accordance with the principles outlined
in the university institutional review board (IRB) ethical policy. The paper surveys were
handed out and collected by TAs in the last recitation class of a semester. We encouraged the
instructors to give students small amount of course credit or extra credit for completing the
survey. While we did not track the specific implementation of this incentive, most instructors
complied with the recommendation. The demographic data of students—such as gender—were
provided by the university. Students’ names and IDs were de-identified by an honest broker,
so researchers could analyze students’ data without having access to students’ identifying
information. There were 915 students participating in this survey, including both semesters. In
our final data analysis, we focused on 907 students (including 299 women and 608 men) who
provided their gender information. Less than 1% of the participants who did not provide this
information were not included in this analysis.

Survey

In this study, our analysis includes four motivational constructs—physics self-efficacy,
interest, perceived recognition, and identity. Table 1 shows the survey items for each
motivational construct. In our survey, each item was scored on a 4-point Likert scale (1-4)
(Likert, 1932) with higher scores indicating greater levels of self-efficacy, interest, perceived
recognition, and identity. Most of the self-efficacy and interest items had response options
‘NO!, no, yes, YES!”, which have been shown to have good psychometric properties and a low
cognitive load while reading (Learning Activation Lab, 2017; Vincent-Ruz & Schunn, 2017).
The items under physics identity and perceived recognition all had response options ‘strongly
disagree, disagree, agree, and strongly agree’.
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These survey items were adapted from existing motivational research (Glynn, Brickman,
Armstrong, & Taasoobshirazi, 2011; Hazari et al., 2010; Learning Activation Lab, 2017; Schell
& Lukoff, 2010), and we re-validated them in our prior work (Kalender, Marshman, Nokes-
Malach, Schunn, & Singh, 2017; Kalender, Marshman, Schunn, Nokes-Malach, & Singh,
2018; Marshman, Kalender, Schunn, Nokes-Malach, & Singh, 2018; Nokes-Malach,
Marshman, Kalender, Schunn, & Singh, 2017; Nokes-Malach, Kalender, Marshman, Schunn,
& Singh, 2018). The validation and refinement of the survey involved use of individual
interviews with students, exploratory and confirmatory factor analyses (EFA and CFA)
(Thompson, 2004), Cronbach’s alpha, and Pearson correlation between different constructs
(Cronbach, 1951; Hooper et al., 2007; Pearson & Galton, 1895). Given these survey items, the
degrees of freedom for our proposed model are 58, which means that our model is over-
identified, with sufficient degrees of freedom to estimate the model parameters (Kline, 2015).

Table 1 presents the results of the confirmatory factor analyses, Cronbach’s alphas, and
fractions of variance explained by each item's corresponding construct. Table 1 shows that all
Cronbach’s alphas are larger than 0.8 which indicate a high consistency among the items within
each construct Moreover, the constructs account for more than 50% (0.5) of the item's variance,
indicating that they extract sufficient variance from the items (Kline, 2015). These results
provide quantitative support for dividing the constructs as proposed.

Table 2 presents the Pearson correlation coefficients pairwise between the constructs. These
constructs have strong correlations with each other, but the correlations are not so high that
these constructs cannot be examined separately (Akoglu, 2018). The highest correlation is
between physics identity and perceived recognition, consistent with Godwin et al.’s and
Kalender et al.’s prior research finding that perceived recognition (external identity) is the
strongest predictor of physics identity (internal identity) (Godwin et al., 2016; Kalender et al.,
2019).
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Table 1. Survey questions for each motivational construct, along with CFA item loadings.
Lambda represents the factor loading of each item, which is the correlation between the
item and the construct. The square of Lambda for each item gives the fraction of its
variance explained by the construct. All Lambdas shown in this table are statistically
significant with p value < 0.001. TThe response options for this question are ‘Never, Once
a month, Once a week, Every day’. *The response options for this question are ‘very
boring, boring, interesting, very interesting’.

Construct and Item A A2
Physics Identity

| see myself as a physics person. 1.000 1.000
Physics Self-Efficacy (Cronbach’s alpha = 0.81)

| am able to help my classmates with physics in the laboratory or in 0.698 0.487
recitation.

I understand concepts | have studied in physics. 0.742 0.551
If I study, I will do well on a physics test. 0.735 0.540
If I encounter a setback in a physics exam, | can overcome it. 0.715 0.511
Physics Interest (Cronbach’s alpha = 0.85)

| wonder about how physics works T 0.701 0.491
In general, | find physics * 0.811 0.658
| want to know everything | can about physics. 0.829 0.687
| am curious about recent physics discoveries. 0.720 0.518
Physics Perceived Recognition (Cronbach’s alpha = 0.87)

My family sees me as a physics person. 0.885 0.783
My friends see me as a physics person. 0.908 0.824
My physics TA and/or instructor sees me as a physics person. 0.730 0.533

Table 2. Pearson correlation coefficients of the motivational constructs.

Variable mﬁ'ﬁ; Self-efficacy Interest rzc?cr);iii\:?c?n
Physics identity -- - -- -
Self-efficacy 0.71 - - -
Interest 0.69 0.63 - -
Perceived Recognition 0.83 0.70 0.68 --

Analysis of Survey Data

To analyze the survey data, several statistical techniques were employed. First, we calculated
the mean score for each construct for each student. Then, we used a t-test (Cohen, 2013; Gosset,
1908) to compare the mean scores by gender. Before testing the SEM model in figure 1, we
first tested for measurement invariance (i.e., whether the factor loadings, intercepts, and
residual variances of the observed variables are equal across gender). Then, we performed
multi-group SEM analysis to examine whether regression pathways were equal across gender.
Results showed that measurement invariance holds and there is no difference in any regression
coefficients by gender, which allowed us to use the SEM model in Fig. 1 (Garson, 2014; Kline,
2015).



International Journal of Innovation in Science and Mathematics Education, 31(4), 2-15, 2023

Results and Discussion

Gender Differences in Motivational Beliefs

Pertaining to RQ1, Table 3 shows that women have significantly lower average scores in all
four motivational constructs than men. The effect sizes given by Cohen’s d are all in the
medium range (Cohen, 2013).

Table 3. Descriptive statistics for women and men’s motivational beliefs. M stands for
construct mean value, SD is the standard deviation and N is the number of students. All
effect sizes (Cohen’s d values) are statistically significant with p < 0.001. A minus sign for
Cohen’s d indicates that men have a higher construct score than women.

Women Men
Construct N =299 N =608 Cohen’s d
M SD M SD
Physics Identity 2.13 0.83 2.67 0.86 -0.63
Perceived Recognition 2.24 0.71 2.71 0.70 -0.66
Self-efficacy 2.64 0.57 2.92 0.56 -0.48
Interest 2.61 0.66 3.02 0.62 -0.65

Estimation of the proposed SEM model

Pertaining to RQ2, we estimate how the proposed SEM model (Model 1) in Figure 1 fit the
data. Fig. 2 shows the results of the SEM model. The level of SEM model fit is represented by
the Comparative Fit Index (CFI), Tucker-Lewis Index (TLI), Root Mean Square Error of
Approximation (RMSEA) and Standardized Root Mean Square Residuals (SRMR), and CFI >
0.9, TLI> 0.9, RMSEA < 0.08, and SRMR < 0.08 are considered as acceptable (Hooper et al.,
2007). The model in Fig. 2 fits the data well with CFI = 0.968, TLI = 0.956, RMSEA = 0.063
and SRMR = 0.034 (Hooper et al., 2007). The solid lines represent regression paths, and
numbers on the lines are regression coefficients (f values), which represent the strength of
regression relations. A regression coefficient reflects the change in the dependent variable
(outcome) associated with a one-standard-deviation increase in the independent variable
(predictor), while holding other variables in the model constant (Grace & Bollen, 2005).

As shown in Figure 2, gender directly or indirectly predicts perceived recognition, interest, and
self-efficacy, which is consistent with the descriptive statistics in Table 3, showing that women
had statistically significantly lower score on these three constructs. Figure 2 also shows that
perceived recognition, interest, and self-efficacy are all significant predictors of physics
identity and perceived recognition is the strongest predictor (with £ = 0.56), which is also
consistent with prior studies by Godwin et al. (2016) and Kalender et al. (2019) showing that
how students perceive themselves as a physics person is significantly influenced by their
perception of how others view them as a physics person. Moreover, Figure 2 shows that
perceived recognition also indirectly predicts physics identity through the mediating effects of
self-efficacy and interest. Therefore, the total effect of perceived recognition on physics
identity is f=0.56 + 0.44 x 0.17 + 0.69 x 0.21 + 0.69 X 0.29 x 0.17 = 0.81. We note that
although Table 3 shows that there is a significant gender difference in physics identity, gender
does not directly predict physics identity, which indicates that the gender difference is mediated
through perceived recognition, interest and self-efficacy.
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Figure 2. Results of the proposed SEM Model. Each regression line thickness qualitatively
corresponds to the magnitude of gvalues with p > 0.05 are indicated by ns (not significant).
All Bvalues shown are significant with p < 0.001.

Equivalent SEM Models

Our proposed SEM model demonstrates a strong fit with the data. As mentioned earlier, it is
important to consider statistically equivalent models that provide alternative representations of
the data. Pertaining to RQ3, we found that there are 27 statistically equivalent models in which
the relation between gender and physics identity is mediated by self-efficacy, interest, and
perceived recognition when we consider the associations among these three mediating
constructs. There are three possible associations between each pair. These associations are
covariance, direct effect via regression from one to the other, or direct effect via regression in
the reverse direction. For example, there can be a direct regression path from self-efficacy to
interest or from interest to self-efficacy, or there may only be a covariance between self-
efficacy and interest. Similarly, there are three possible types of associations between self-
efficacy and perceived recognition, and between interest and perceived recognition. Thus, with
the constraints that no regression arrows point to gender and arrows can only point to physics
identity since it is the outcome variable, there are 3 x 3 x 3 = 27 statistically equivalent SEM
models in total. All 27 models have the same fit indices as our proposed model: CFI =0.968 (>
0.90), TLI = 0.956 (> 0.90), RMSEA = 0.063 (< 0.08) and SRMR = 0.034 (< 0.08) (Hooper et
al., 2007). Thus, these statistically equivalent SEM models are all robust from a statistical point
of view.

Instructional implications of the statistically equivalent models

Although all 27 models fit the data equally well, they may have different potential
instructional implications. Here, we compare our proposed model with two other
statistically equivalent models. In Model 2, self-efficacy predicts interest and perceived
recognition, and interest predicts perceived recognition. In Model 3, interest predicts self-
efficacy and perceived recognition, and self-efficacy predicts perceived recognition. We focus
on discussing these two equivalent models because they are representative of the models in
prior research (Godwin et al., 2016; Hazari et al., 2020; Lock et al., 2019) and differ from our
proposed model by having self-efficacy and interest predicting perceived recognition.

Models 2 and 3 emphasize that students’ perceived recognition is predicted by their interest
and self-efficacy. Thus, these models may be interpreted to imply that women are not feeling
positively recognized by their instructors and teaching assistants (TAs) as much as men because
they have lower interest in physics and lower self-efficacy than men. These implications are

10
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different compared with the implication of Model 1, which emphasizes the importance of
recognizing students appropriately, which can help students develop their self-efficacy and
interest in physics.

We note that Models 2 and 3, in which perceived recognition is predicted by self-efficacy and
interest, are not supported by our prior interview findings (Doucette & Singh, 2020; Li & Singh,
2023) showing that perceived recognition may be an important driver of the other two
constructs. Our interviews show that women were less likely than men to feel positively
recognized by physics instructors/TAs, and this lack of recognition or discouraging feedback
from instructors/TAs deteriorated their self-efficacy, and lowered perceived recognition and
self-efficacy further lowered their interest (Doucette et al., 2020; Doucette & Singh, 2020; Li
et al., 2020; Santana & Singh, 2021). This experience made the female students wonder
whether it was because their questions were not good or too easy, and thus they started doubting
their ability to do well in their courses. Therefore, Model 1 is more aligned with our interview
findings.

Moreover, in Models 2 and 3, gender is the only predictor of interest or self-efficacy which
together with the data in Table 3 (which shows gender differences in all motivational constructs
studied) can potentially be interpreted from a deficit perspective. For example, Model 3 has the
potential to reinforce instructors’ fixed mindset about students. While interest can be viewed
as modifiable and there is supporting research on this modifiability (Haussler & Hoffmann,
2002), interest-based accounts of gender differences are historically interpreted as fixed and
thus may support lack of action by college instructors (Canning, Muenks, Green, & Murphy,
2019; Canning, Ozier, Williams AlRasheed, & Murphy, 2022). That is, if college instructors
assume that students’ interest predicts perceived recognition and interest is fixed, they may not
make effort to recognize students with a focus on closing demographic gaps.

Perceived
Recog

(a) Model 2

Identity

Figure 3. Results of Models 2 and 3. Regression coefficients with 0.001 < p < 0.1 are
indicated by ™ and with p > 0.05 are indicated by ns. All other regression lines show
relations with p < 0.001.

11
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In this study, we focused on comparing our proposed model (Model 1) with two statistically
equivalent models. We note that there are 24 additional equivalent models that have not been
discussed. While our interview data provided support for Model 1, we acknowledge that further
investigation can gather additional evidence to pinpoint a more accurate causal model. One
potential direction for further investigation is to conduct intervention studies. These studies can,
e.g., involve instructors implementing interventions that aim to deliberately and effectively
recognize students. By doing so, one can assess whether these interventions lead to
improvements not only in students' perceived recognition but also in their self-efficacy and
interest. If the interventions result in positive changes in all three variables, it would provide
further support for our proposed model. Similarly, interventions can also be designed to target
students' interest by incorporating interactive activities or introducing engaging topics. By
implementing such interventions, one can evaluate whether they have a positive impact not
only on students' interest but also on their self-efficacy and perceived recognition.

Summary

In this study, we investigated the predictive relationships among the three dimensions of
physics identity: perceived recognition, self-efficacy, and interest. Our results revealed that
women scored significantly lower than men in all four motivational constructs, and the gender
difference in physics identity is mediated through the gender differences in the other three
motivational constructs. Inspired by our prior interviews with students (Doucette & Singh,
2020; Li & Singh, 2023) and previous studies by other researchers (Bandura, 1994; Hidi &
Renninger, 2006), we proposed a SEM model to describe the predictive relationships among
the constructs studied. Our analysis revealed the existence of 27 statistically equivalent SEM
models, all exhibiting identical fit indices but diverging in their predictive relations among the
mediating constructs, leading to different potential instructional implications. Our proposed
model with perceived recognition predicting self-efficacy and interest emphasizes the
important role played by instructor recognition, while other models may inadvertently
strengthen instructor fixed mindset about students’ interest and self-efficacy (Canning et al.,
2019; Dweck, 2008). As researchers, we should consider the statically equivalent models when
using SEM and use other evidence from studies such as interviews and intervention studies to
support the proposed models or to determine a more accurate causal relationships between the
constructs studied.

Limitations and future directions

In this study, we emphasize the importance of considering statistically equivalent models and
using extra evidence to determine a more accurate causal model. We discussed two SEM model
that are statistically equivalent to our proposed model. There are other statistically equivalent
models that have not been discussed in this paper, which would be worth investigating in future
studies. In addition, similar to prior studies (Godwin et al., 2013, 2016; Lock et al., 2019), the
data used in this study were collected at one time point. Future studies using longitudinal data
may provide further understanding of the predictive relationships among students’ motivational
beliefs.

In this study, since the gender data were collected using only binary categories, we did not have
the gender information of students who did not identify as men or women. This issue has been
resolved recently in the manner in which the university is now collecting data. However, since
the sample size of these students is small (less that 1% of participants), we would not be able

12
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to analyze them as separate groups using multigroup analysis in SEM even if we knew their
gender identity. Future studies can use other research methods to investigate motivational
beliefs of students in other gender categories. In future studies, we also intend to investigate
motivational beliefs of students from other underrepresented groups such as ethnic/racial
minority students.

This study examined an introductory calculus-based physics course. It would be valuable to
investigate the relationship among women and men’s motivational beliefs in other physics
courses, e.g., for physics majors. Similar studies in different types of institutions and in other
countries would also be helpful for developing a deeper understanding of the relationships
among students’ motivational beliefs in different contexts.
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