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This exploratory study delves into the complex challenge of analyzing and interpreting student responses to mathematical problems,
typically conveyed through image formats within online learning platforms. The main goal of this research is to identify and differentiate
various student strategies within a dataset comprising image-based mathematical work. A comprehensive approach is implemented,
including various image representation, preprocessing, and clustering techniques, each evaluated to fulfill the study’s objectives.
The exploration spans several methods for enhanced image representation, extending from conventional pixel-based approaches
to the innovative deployment of CLIP embeddings. Given the prevalent noise and variability in our dataset, an ablation study is
conducted to meticulously evaluate the impact of various preprocessing steps, assessing their potency in eradicating extraneous
backgrounds and noise to more precisely isolate relevant mathematical content. Two clustering approaches—k-means and hierarchical
clustering—are employed to categorize images based on student strategies that underlies their responses. Preliminary results underscore
the hierarchical clustering method could distinguish between student strategies effectively. Our study lays down a robust framework
for characterizing and understanding student strategies in online mathematics problem-solving, paving the way for future research
into scalable and precise analytical methodologies while introducing a novel open-source image dataset for the learning analytics

research community.
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1 INTRODUCTION

In recent years, online learning platforms have witnessed substantial growth, accelerated by factors such as globalization,

advancements in technology, and more recently, global challenges like the COVID-19 pandemic [30]. This transition to
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digital platforms has led to an unprecedented influx of diverse student data, including mathematics education. Among
the various data types about student learning captured through this mathematics education platform, image-based
submissions — capturing handwritten equations, sketches, and diagrams — are particularly noteworthy.

Such image submissions, often termed as ‘visual artifacts’ of learning, provide an unparalleled window into students’
thought processes, their conceptual understanding, and their problem-solving strategies [25]. They transcend the
limitations of traditional text-based responses, enabling educators to decipher nuances like hesitation in strokes, the
sequence of problem-solving, or even errors and corrections made during the process [3, 27]. This level of granularity
can be pivotal in understanding not just the ‘what’ but the ‘how’ students are learning, allowing educators to provide
precise feedback and tailored instruction based on students’ strategies and reasoning reflected in their responses.
Moreover, analyzing images can aid in automatically identifying common misconceptions, patterns of thought, and
even predicting potential hurdles a student might face in the future. For instance, the way a student sketches a parabola
or labels a geometric figure might give hints about their comprehension of underlying concepts [8]. Such insights can
be instrumental in the timely remediation of learning gaps and fostering a more supportive and efficient mathematics
learning environment.

However, the richness and complexity of these image-based submissions also pose distinctive challenges in their
analysis and interpretation. Traditional analytic techniques, designed primarily for textual or numeric data, fall short
when applied to images, necessitating the development of innovative methods attuned to the nuances of visual data
[1]. Some pioneering efforts have been made to analyze hand-drawn diagrams or sketches using image recognition
techniques to provide instant feedback in domains like engineering and physics [8].

In the context of mathematics, earlier studies have often relied on simplistic pattern recognition methods to classify
hand-written equations and geometrical sketches [26]. Nevertheless, the diverse nature of student strategies, especially
when conveyed through images, calls for a more holistic and nuanced approach. It is this gap in the literature that our
study seeks to address, integrating advanced embedding techniques and sophisticated clustering algorithms to delve
deeper into the world of image-based student responses to evaluate students’ underlying strategies. Our study embarks

on a mission to decipher image-based student submissions by addressing three pivotal research questions:

(1) RQ1- Does the incorporation of embeddings enhance our capacity to differentiate between distinct categories
of students’ mathematical reasoning and strategies depicted in images?

(2) RQ2- How does the choice of preprocessing method impact the differentiation process?

(3) RQ3- To what degree does the utilization of different clustering techniques enhance our ability to distinguish

between various students’ responses?

In navigating these questions, we aim to enhance the empirical evidence through detailed, step-by-step comparisons,
evaluating whether students’ response strategies and reasoning in mathematical problems can be assessed using a
sample of image data derived from two sample math problems. Recognizing the scarcity of specialized datasets in
this domain, we are releasing our meticulously curated, image-based dataset to the broader research community. This
open-source resource will not only serve as a valuable foundation for further studies in the realm of image-based

learning analytics but also stimulate the development of novel analytical methods specifically tailored for such data.
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2 RELATED WORKS
2.1 Online Learning Platforms in Math Education

The digital transition in education has witnessed the rise of online platforms explicitly tailored for various subjects,
with mathematics being a prominent area of focus. This shift towards online math platforms has been catalyzed by
the increasing need for flexible, accessible, and interactive learning environments [15, 16]. The digital transition in
education has ushered in the rise of online platforms, explicitly tailored for various subjects, mathematics being a
notably prominent focus. This shift towards online math platforms has been catalyzed by an ever-increasing need for
flexible, accessible, and interactive learning environments [15, 16].

The COVID-19 pandemic further expedited the transition to online learning, leading to an augmented application of
online learning platforms in K-12 mathematics classrooms [32]. Online mathematics learning platforms provide various
advantages, making mathematics learning more accessible and personalized. These platforms enable personalized and
self-paced learning, facilitating students’ engagement with mathematical concepts and practices at their convenience
[14]. They also provide interactive learning and assessment resources, which cater to students’ individual needs and
aid in establishing more effective and efficient learning environments. Moreover, these platforms allow for potentially
instant feedback and progress monitoring through online assessments. The adoption of automated grading of student
responses [4, 6, 23], analysis of students’ writing patterns and discourse [2], and generation of teacher feedback [12, 17],

have been rigorously demonstrated in the previous literature.

2.2 Automated Scoring in Online Math Assessment

Automated scoring systems in mathematics education have predominately focused on evaluating students’ computational
skills [11], problem-solving strategies [5], and, occasionally, the procedural steps undertaken during problem-solving
[29]. The recent introduction of transformer-based models into the scoring systems remarkably extends their capabilities,
particularly in improving scoring accuracy [4, 35], ensuring scoring consistency and fairness [10], and expanding
these models for the generation of timely feedback [6]. Despite such advancements, one major focus area remains the

incorporation of new response formats, such as image-based responses.

2.2.1 Automated Scoring of Image-based Math Responses. Image-based responses require students to create a visual
representation of their work using a traditional paper and pencil approach or using digital media and upload their
work to online learning platforms. GeoGebra[13] and Desmos[9] are some examples of computer-based applications
that allow students to interact with graphs and algebraic expressions. While these kind of tools and support for visual
representation of answers exists in online learning platforms, some teacher still prefer the traditional approach of paper
and pencil and some others use a blend of both in their classrooms.

While previous automated assessment methods have relied heavily on text-based constructed responses, where
students type an answer directly into the online learning platforms [4, 11, 35], recent works have explored a diverging
type of student responses, particularly, image-based responses. Baral et al.[3] proposed methods to auto-score open-
ended mathematics questions containing text and image responses [3]. Using optical character recognition and deep
learning models like CLIP reduced scoring errors for mixed text and image responses over models that only handled
text. As online assessments expand the types of responses they allow, automated scoring techniques must evolve to

handle multimedia response formats.
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2.3 Approaches in Image Processing and Analysis

2.3.1 Embeddings for Image Representation. One of the primary roles of embeddings in image analysis is to facilitate
the understanding and representation of visual content within them. In recent years, image embeddings have emerged
as a transformative technique in image processing and analysis, offering powerful ways to represent and understand
visual content. The features used in image analysis are often of high dimension, thus necessitating techniques like
feature extraction for handling multi-modal features for image classification tasks. [3, 24]. Luo et al. [24] have explored
the domain of multi-modal multi-task feature extraction, highlighting the advantages of leveraging multiple modalities
in such scenarios.

The CLIP (Contrastive Language-Image Pretraining) model, introduced by Radford et al. [31], is an image classification
model based on transformer architecture, commonly used in natural language processing tasks. CLIP learns joint
image-text embeddings, allowing images to be encoded into a shared space with natural language descriptions. This
versatile representation has found applications in various image analysis tasks, from image classification to zero-shot
learning. In our analyses, we explore the use of image embeddings from a pre-trained CLIP model as a method of image

representation and further investigate the ability of such a pre-trained model in the domain of mathematics education.

2.3.2 Data Clustering Techniques.

3 DATA COLLECTION AND PARTICIPANTS

In this study, we utilize a dataset of student responses to open-ended mathematics questions taken from an online
learning platform. The main goal of this study is to analyze and compare various clustering methods with image
processing techniques to identify and distinguish various student approaches to solving a math problem within the
student-uploaded works. As such we mainly look into the response from students that are images. This dataset was
collected from a BLINDED Online learning platform, from a middle school mathematics classroom. The students were
assigned mathematics assignments using the BLINDED learning platform; which consisted of both close-ended and
open-ended problems. For open-ended problems, the students were allowed to provide either a textual response or they
had the option to write their answer and upload the image of their work directly to the learning platform.

The dataset, in addition to the image responses from students, consists of a numeric assessment score given by a

teacher. The scores for these responses are on an ordinal 5-point scale ranging from 0 to 4.

Problem ID: PRABE9N9

This diagram represents 3 batches of light yellow
paint. Draw a diagram that represents 1 batch of the
Problem ID: PRABET9Y same shade of light yellow paint.
Here are questions about two types of angles.
white paint (cups) OOO0OoOoOodOonO
Draw a right angle.
yelowpaint(cups) D DD ODDODODODOODODOOOOOE

Submit your drawing using the tools below. submit your diagram using the tools below.

Fig. 1. The two open-response mathematics problems used for the analyses in this study, Problem 1 ( on the left), and Problem 2 (on
the right)
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For this study, we selected two specific mathematics problems which had mostly image-based responses from
students. Figure 1 shows these two math problems. The first problem which we call “Problem 1” throughout this study
is a 4th-grade problem based on the Relationship of Angles, while the second problem “Problem 2” is a 6th-grade math
based on Defining Equivalent Ratios.

Problem 1, had 159 scored image responses, while Problem 2 had about 269 scored images in total. For Problem 2
we randomly sampled 159 images to balance out the dataset for the purpose of the study. The final dataset includes
318 image-based responses from 318 unique students who answered the 2 math problems. This dataset of images was
scored by 51 different teachers.

Utilizing this dataset ! , we perform an exploratory analysis through the application of various clustering techniques
in order to distinguish different approaches taken by students for solving math problems. We discuss the methods taken

in detail in the following sections.

4 METHODS
4.1 OpenCV Template Match vs CLIP

In this subsection of the methods, we perform a comparison of different image representation techniques to identify the
best approach for differentiating and grouping various students’ math works. We compare the raw pixel matching using
OpenCV’s template match techniques, with context-rich encoding of images from a popular deep-learning method

called “CLIP” for clustering images.

4.1.1  OpenCV Template Match. OpenCV, a popular computer vision library, offers a technique known as template
matching, for comparing different images. We leverage this method to identify similarities in our dataset of images and
group these using K-means clustering. Template matching is typically used for finding instances of a template image (a
small image) within a larger target image. The goal of this is to find regions in the target image that closely match the
template. In our case, we adapt this technique to compare and group images by using a bidirectional approach. We use
the “TM_CCORR_NORMED” method for template matching. This method calculates the cross-correlation between the
images with the highest value indicating the best match.

Initially, we apply template matching by matching Image A onto Image B. This means we treat Image A as the
template and try to find the best matches in Image B. Next, we reverse the process and match Image B onto Image A.
Now, Image B serves as the template, and we look for matches in Image A. After performing template matching in
both directions, we obtain match scores for Image A matched onto Image B and Image B matched onto Image A. To
determine the overall similarity between the two images, we consider the minimum of these match scores. This is done
to account for cases where one image may match well with the other, but the reverse might not be true. For example, if
image A is a perfectly drawn right-angled triangle and image 2 is a plain sheet of graph paper then image A matches on
to image B well but not vice versa. We perform this for each of the images in our dataset. The resulting match scores
for pairs of images used as a distance metric are then utilized as input for k-means clustering, a common method for

grouping similar data points.

4.1.2 CLIP Embeddings. CLIP (Contrastive Language-Image Pre-training)[31] is an image classification model based
on transformer architecture that offers a versatile and context-rich means for representing visual content. Introduced
!A curated dataset of these images with cropped background is shared through this URL: https://osf.io/9a8xq/?view only=

focd8d45acfd49f3be8aa1f0c1eb375b. For review purposes, we only share the cropped image data, but a more comprehensive dataset will be
shared for the final version.


https://osf.io/9a8xq/?view_only=f0cd8d45acfd49f3be8aa1f0c1eb375b
https://osf.io/9a8xq/?view_only=f0cd8d45acfd49f3be8aa1f0c1eb375b
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by OpenAl, this model harnesses the power of a vision-language transformer architecture and is able to encode both
natural languages (text) and images in the same vector space by using a multi-modal pre-training approach. While the
CLIP model was initially designed for the combination of text and images, its embeddings can be effectively used for
image representation tasks independently of textual information.

In this study we use the “clip-vit-large-patch14-336” version of the CLIP model, to generate an embedding vector
representation for each of the images of students’ math works. These image embeddings encapsulate both the visual
characteristics and semantic content of the images, effectively allowing us to understand not only what the images
contain but also what they mean making them potential for various image-related tasks. To assess the similarity between
images encoded by CLIP, we use an angle-based metric. For this particular method, instead of relying on the traditional
Euclidean distance, we measure the angle between the CLIP embedding vectors and further use these as input to the
K-means clustering. The number of clusters is chosen based on the elbow plot for the accuracy scores with cluster size

k ranging from 2 to 12.

4.2 Ablation Study on the Impact of Preprocessing

The original dataset of images posed a challenge due to the presence of background noise, including elements like
students’ faces, backgrounds, and other non-relevant content alongside the mathematical content. In addition to this,
there are differences in the images aside from the mathematical content and background, coming from the use of
different types of papers (like graph, math, or plain paper, the use of digital media vs. conventional pencil and paper, etc.
As such, the image representations may pick up on the non-relevant content, tampering with the results of clustering.
For this reason, we apply the following preprocessing steps and conduct an ablation study of these different methods to

identify the best-suited preprocessing method for the image clustering tasks.

Nigns o«mj\e,
i \ﬂm— amslc

Original Image Cropped Image

— : . 1}
Original Images Cropped Images Canny Edge Detection Hough Lines

Fig. 2. Example image response from Problem 1(top) and Problem 2(bottom) with the applied preprocessing steps.

4.2.1 Image cropping. In this step, a meticulous inspection was performed on each image within the dataset, to identify
the relevant math content. The objective was to crop and isolate the core math content within the images while
removing any extraneous noise or background elements. This step not only enhanced the clarity of the images but also

facilitated more precise template matching and CLIP-based analysis.
6
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4.2.2 Edge Detection. To further refine image preprocessing, Canny edge detection [7] was employed. This technique
identifies prominent edges within the images. By emphasizing edges and contours, this method enhances the ability to

detect and differentiate key mathematical elements within the images.

4.2.3 Hough Lines. The Probabilistic Hough lines algorithm [21] was used in conjunction with the Canny edge detection
to address the specific challenges related to graph and math paper lines within the images. While Canny edge detection
effectively identifies edges, it may also detect lines originating from the underlying graph paper or grid, which are
unrelated to the mathematical content. The Hough lines algorithm is used to identify and remove these extraneous
lines if they occur repeatedly and are parallel to each other.

The example of student responses in the dataset with applied preprocessing steps are shown in Figure 2.

4.3 K-means vs Hierarchical Clustering

To unravel latent structures and patterns, which are associated with students’ mathematical response strategies, within
the dataset, we conducted two clustering techniques, including K-means [22] and hierarchical clustering [28] as our
primary analytical approaches. Euclidean distance was chosen as the distance metric to measure the similarity between
CLIP embeddings.

Hierarchical clustering allowed us to construct a dendrogram that organized the image responses into a hierarchy
of clusters, with each node representing a group of similar responses. Determining the optimal number of clusters
is crucial for obtaining meaningful and interpretable clustering results. We addressed this challenge by employing
silhouette analysis, a widely-used technique for evaluating the quality of clustering. By systematically varying the
number of clusters from 2 to 10 based on the baseline threshold (t=2), which were identified from the dendrogram, and
computing the silhouette score for each configuration, we identified the optimal number of clusters that maximized the
cohesion within clusters and separation between them. This process ensured that our clustering was both statistically

robust and reflective of the underlying patterns in students’ problem-solving approaches.

4.4 Evaluation Metrics

We used three commonly adopted cluster evaluation metrics: the Gini score (or Gini index) [18], the purity score [33],
and the silhouette score. The Gini score, also known as the Gini index or Gini coefficient, quantifies the inequality or
impurity within a cluster. Often applied in hierarchical clustering or decision tree algorithms, it measures how mixed
or heterogeneous the elements within a cluster are. In clustering analysis, a Gini score of 0 indicates perfect purity,
signifying all elements in the cluster belong to the same class or category—in our case, the same mathematical strategy
or reasoning to solve a problem.

The purity score is another metric used to evaluate clustering quality, especially in unsupervised learning and
clustering algorithms. It gauges how closely the elements within a cluster relate to the same class or category. In
clustering analysis, a purity score of 1 signifies perfect purity, indicating all elements in the cluster pertain to a singular
class or category. A diminished purity score implies the elements within the cluster are diverse and may affiliate with
multiple classes or categories.

However, both the Gini and purity scores can be susceptible to the effects of increasing cluster sizes, potentially
leading to skewed evaluations. To counteract this limitation, we also employed the silhouette score. The silhouette score
measures an object’s similarity to its own cluster in contrast to other clusters. Its values lie between -1 and 1. A high
silhouette score indicates the object aligns well with its own cluster and poorly with neighboring clusters. Conversely,

7
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a low silhouette score suggests potential misclustering. If most objects boast high silhouette scores, the clustering
configuration is deemed appropriate. Yet, if many objects present low or negative scores, the clustering may encompass

too many or too few clusters.

5 RESULTS

Our final results indicate that both K-means and Hierarchical clustering analyses performed comparably in identifying
and clustering images based on their underlying mathematical reasoning. A total of seven clusters were retrieved from
K-means clustering, and based on the distance threshold of 2 according to the ward linkage, Hierarchical clustering

with the cluster size of 4 to 11 were compared for further evaluation.

5.1 OpenCV Template Match vs. CLIP

Comparing the GINI index and the purity score between OpenCV Template Match and CLIP embedding yielded distinct
results as shown in Table 1. The CLIP embedding, when combined with K-means clustering, consistently showcased an

enhancement in the clustering outcomes, marked by a lower GINI index and a higher purity score.

5.2 Ablation Study on the Impact of Preprocessing

The most optimal GINI index was obtained using the cropped image, registering at 0.157, paired with a notably high
purity score of 0.894 as seen in Table 1. The original image also achieved an equivalent purity score of 0.894. The
influence of other image processing techniques seemed marginal in augmenting the clustering outcomes. Specifically,
the images processed with edge and hough line techniques recorded the peak GINI index of 0.396 and the lowest purity
score of 0.676. Based on these findings, we juxtaposed the clustering methodologies, namely K-means and Hierarchical
clustering, using the original and cropped images. This comparison was intended to further assess improvements in

image clustering predicated on students’ mathematical reasoning.

Table 1. Clustering Evaluation Metrics

Processing and Clustering Methods Cluster size GINIindex Purity score
OpenCV Template Match

Original image 7 0.254 0.787

CLIP and K-means Clustering

Original image 7 0.169 0.896
Cropping 7 0.157 0.894
Cropping and Edge 7 0.203 0.864
Edge and Hough Lines 7 0.386 0.676
Cropping, Edge, and Hough Lines 7 0.297 0.789
CLIP and Hierarchical Clustering

Original image 10 0.11 0.917
Cropping 10 0.088 0.943
Cropping and Edge 10 0.221 0.837
Edge and Hough Lines 10 0.238 0.831
Cropping, Edge, and Hough Lines 10 0.227 0.839
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5.3 K-means vs. Hierarchical Clustering

Hierarchical clustering was analyzed across a range of cluster sizes from 4 to 11. This range was determined based on a
threshold of 2 when inspecting the dendrogram using the ward linkage method (see Figure 3). The results highlighted
that a cluster size of 4 yielded the highest silhouette score for both original and cropped images. On the other hand,
a cluster size of 10 resulted in the lowest GINI index and the highest purity score. It’s important to note that the
silhouette score for cluster size 10 was notably better than for cluster size 11. To further scrutinize the clustering
methods’ efficiency in unveiling students’ intrinsic mathematical reasoning depicted in their image responses, additional
comparisons between the K-means and hierarchical clustering outcomes were undertaken. The final clustering analyses
were performed comparing the cropped images clustered into 7 groups using K-means, against the total of 10 clusters

derived from hierarchical clustering.

Dendrogram with Ward Linkage

Cluster distance

Number of points in node

Fig. 3. Dendrogram for the hierarchical cluster with ward linkage method to identify the baseline threshold

Elbow Curve for Optimal Number of Clusters from Kmeans Elbow Curve for Optimal Number of Hierarchical Clusters
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Fig. 4. Elbow plot with accuracy scores of the k-means clusters Fig. 5. Elbow plot of silhouette scores of the hierarchical clusters
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Table 2. CLIP and Hierarchical Clustering Results with the Ward linkage method

Original Image Cropped Image
Cluster size | GINI index  Purity score  Silhouette score | GINI index Purity score  Silhouette score

4 0.179 0.876 0.230 0.152 0.895 0.205

0.144 0.901 0.183 0.138 0.908 0.190
6 0.153 0.898 0.155 0.116 0.922 0.175
7 0.131 0.913 0.164 0.100 0.933 0.167
8 0.138 0.896 0.170 0.105 0.931 0.170
9 0.123 0.907 0.160 0.096 0.937 0.165
10 0.110 0.917 0.157 0.088 0.943 0.142
11 0.100 0.924 0.156 0.087 0.944 0.128

Table 3. Distribution of Image Responses across Clusters

Cluster | Total Images [ Problem 1 [ Problem 2
K-means with Cropped images (t=7)

3 56 0 56
2 58 1 57
4 18 1 17
7 51 51 0
6 50 47 3
5 23 16 7
1 62 43 19
Hierarchical Clustering with Cropped images (t=10)
1 33 0 33
2 38 0 38
3 39 1 38
7 38 2 36
4 10 10 0
8 23 23 0
10 35 35 0
6 37 36 1
5 44 38 6
9 21 14 7

5.3.1 Clustering Performance Accuracy. The clusters acquired from the two methods of clustering with cropped images
were compared based on their accuracy to retrieve the underlying students’ mathematical reasoning represented in
their image responses. Table 3 provides the final performance accuracy of the two clustering methods, identified by the
distribution of the image responses that originated from the two math problems (i.e., Math Problem 1, Math Problem
2) across the clusters. These two math problems as shown in Figure 1 required students to approach and solve the
problems with two distinctive mathematical reasoning.

The results indicate that both K-means and hierarchical clustering methods are able to differentiate the two distinct
mathematical reasoning coming from the dataset of two different math problems as seen by the proportions of the
images in each of the resulting clusters. Overall, both methods could clearly separated the math problems based into
different cluster categories — such as Clusters 2, 3, 4, 6, and 7 in K-means and Clusters 1, 2, 3, 4, 6, 7, 8, and 10 in

hierarchical clustering — with few exceptions.
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In terms of the clusters that failed to clearly separate the two method problems, in K-means, out of the 7 resulting
clusters, 2 clusters (Clusters 1 and 5) represented a considerable mix of image responses from both problems 1 and 2.
Cluster 1 and 5 both had 70% of images from Problem 1 and 30% images from Problem 2. Similarly, for the hierarchical
clustering, out of the 10 clusters, two of the clusters (Cluster 5 and 9) represented a mix of the image responses from
both Problems 1 and 2. Overall, the performance accuracy to separate the responses based on the math problems,
indicate that our hierarchical clustering approach could show slightly improved clustering results compared to the

K-means with less clusters with a mix of image responses from the different problem categories.

5.3.2  Illustrative Examples from Hierarchical Clustering Results. We further qualitatively assessed the clusters to
understand the characteristics of the clusters from the hierarchical clustering results. First, we evaluated the clusters
(e.g., Clusters 4, 10, 3 and 7) that demonstrated clear separation between the two problems. Figure 6 presents some
examples from the clusters 4, 10, 3 and 7, identified through hierarchical clustering using the cropped images. Clusters
4 and 10, present responses from Problem 1 in the dataset. All the responses in Cluster 4 “right angle” text written as a
label to the drawn right angle. While cluster 10, groups the perfectly drawn right angles with “90°” marking as the label.

Clusters 3 and 7, present responses solely from Problem 2. Cluster 3 picks up mostly on the textual format of responses,

whereas Cluster 7 presents digital images which are the screenshots of the question with markings for the answer.

h

rlghi angle

. . L90° .

Cluster 4 Cluster 10

oogoooooo

15:3%=5

qé'3;5 OOoDopooDOooo0ooooO

Hooo
faawh
QOERERERARNERRAGE /o oDEg/AnnEdEnEnm

Cluster 3 Cluster 7

Fig. 6. Example images from the clusters with clear separations (Clusters 4, 10, 3, & 7) from the Hierarchical clustering method with
cropped images.

Second, we evaluated the clusters (e.g., Clusters 5, 9) that showed a less clear separation of students’ approaches seen
in the images. The clusters presented a mix of images from both math problems grouped together into the same clusters.
Figure 7 displays selected images from clusters 5 and 9, which were identified through hierarchical clustering. Cluster 5
predominantly consisted of images from Problem 1 (86%) with a minor portion from Problem 2 (13%). All images in

this cluster were of handwritten math work on paper. A notable similarity among these images was the type of paper
11
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Cluster 5 Cluster 9

Fig. 7. Example images from the clusters with less clear separations (Clusters 5 & 9) from the Hierarchical clustering method with
cropped images.

used, as illustrated in Figure 7. On the other hand, Cluster 9 had a more balanced distribution with 66% of images from
Problem 1 and 33% from Problem 2. Images in this cluster primarily represented digital submissions from both problems.
The study’s dataset featured images with a distinctive black background, adorned with shapes like triangles and squares

filled in brown. Cluster 9 captured these characteristic images from both problems, as can be seen in Figure 7.

6 DISCUSSION

This research presents and compares different methods of image representation methods, preprocessing steps, and
clustering techniques to identify and distinguish different types of student approaches seen in image-based responses.
This study is a preliminary analysis conducted using a small dataset of 318 image responses from two mathematics
problems, that sheds light on the application of unsupervised methods to distinguish different student approaches seen
in image-based responses. The results from this exploratory analysis presented valuable insights into the use of suitable
image representation methods along with preprocessing and clustering techniques for the analyses of image-based
responses in mathematics.

The findings from the analyses indicate that CLIP embeddings provide a powerful means of representing and
analyzing image-based student responses. Further, the conducted ablation study on the impact of the preprocessing step
suggested that removing background noise and irrelevant features with the cropping of images enhanced the accuracy
of both the clustering methods. However, it is noteworthy that the other two preprocessing steps — edge detection and
the subsequent application of the Hough lines algorithm, had detrimental effects on the clustering outcomes. Edge
detection method, while valuable for simplifying the representation of images, in the context of mathematical image
responses seemed to oversimplify the data representation, potentially discarding some of the crucial information within
these images. Moreover, the Hough lines algorithm, intended to remove extraneous grid lines, might have inadvertently
interfered with the interpretation of certain mathematical components within the images. The Hough lines algorithm
can be especially useful for finding prominent linear features, such as grid lines coming from graph paper. In our
context, this method seems to capture and remove the horizontal line drawing in most of the right-angled triangle
problems, as seen in the example in Figure 2. Further, it also tampered with some of the text in the images as seen in

Figure 2.
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In terms of two different clustering methods — K-means and Hierarchical - hierarchical clustering yielded better
results in distinguishing various student approaches, potentially due to the varying factors addressed in previous
literature [19, 20]. First, the robustness to outliers in the hierarchical clustering approach may have helped improve
performance accuracy in our context. The presence of outliers can heavily affect centroid selection in K-means clustering
approaches, where the varying sizes, shapes, and noisy features that frequently appear in image data could have had a
negative effect. Second, hierarchical clustering can generally accommodate more flexible dissimilarity and similarity
comparison measures through the linkage method, which can aid in constructing clusters that are flexible in both size
and shape. This is particularly advantageous in cases where distance measures are computed from a large dimension of

embedding, where the computation of similarity or dissimilarity becomes a less clear, and challenging problem [34].

7 LIMITATIONS AND FUTURE WORK

Despite the promising findings, our study encounters several limitations. Primarily, the dataset used for this analysis
was relatively small, comprising 318 responses based on only two mathematics problems. This preliminary analysis
aimed to compare various methods of image representation and clustering, seeking to identify the optimal unsupervised
method. Expanding this dataset to include a broader variety of student responses in mathematics would enhance the
generalizability of our approach.

Moreover, the dataset exhibited an uneven distribution of scores, with over 80% of the image responses receiving a
full score of 4 from teachers. Scores, serving as labels, can be pivotal in analyzing the ability of image clustering methods
to distinguish between correct and incorrect responses. Nevertheless, a dataset with an uneven distribution of correct
versus incorrect responses presents a challenge in developing and evaluating these methods in a nuanced manner.
Furthermore, the study utilized a manual cropping process for the images. Future work could explore developing
automated methods for background removal.

Beyond the constraints and limitations inherent in the methodologies and techniques explored, analyzing image-based
student work presents its own set of formidable challenges. These stem from the inherent variations and complexity
found in the dataset of image-based responses. Factors such as variability in writing styles, different types of handwriting,
the use of various symbolic notations, and the unstructured format of the responses all contribute to the complexity
of these analysis methods.Additionally, the limited availability of a comprehensive dataset in the educational domain

poses a significant challenge in constructing improved methods of analysis and support for these images.

8 CONCLUSION

In conclusion, this research offers valuable insights into the differentiation of student approaches in image-based
responses. By leveraging advanced techniques of image representation, optimizing preprocessing steps, and conducting
systematic analyses employing image clustering, we have taken significant steps toward this goal. Future work will
continue to refine and expand these methods to further enhance educational outcomes and facilitate personalized

learning experiences in the online education landscape.
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