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DIME Map: A Dynamic Interactive Mathematical Expression Tool for STEM 

Education 

Abstract 

The learning of abstract relationships in Science, Technology, Engineering, and Mathematics 

(STEM) fields for students is an issue that is complex and riddled with difficulties. Current 

educational e-books and graphic organization systems attempt to illustrate those difficult concepts, 

but are limited due to the single reasoning perspective created by the author(s). Thus, we discuss 

how the computer generated Dynamic Interactive Mathematical Expression (DIME) system serves 

as an adaptive educational technology for students and teachers. This system creates a dynamic 

inter-dependent graphic visualization of interrelated mathematics topics (the DIME map) from 

PDF files by automatically extracting mathematical expressions and declarations from the 

material. Students and teachers can rearrange the DIME map to provide their own unique visual 

representation of the mathematical expressions. Each student provides feedback that allows the 

DIME map to adapt to their learning patterns and to remediate potential struggles. Through this 

paper, we present a new framework for the DIME system, which adapts to individual teaching and 

learning situations by integrating feedback from teachers and students into the DIME maps feature 

network. 

Introduction 

Graphical displays of information have been used to communicate, educate, and maintain cultural 

records of important information throughout human history. Changing with time and technology, 

graphical displays of information have evolved from cave paintings [8], Ancient Egyptian art 

(3000BC-30AD) [9], papermaking in China (25-220 CE) [10], and paper books to modern digital 

documents and videos. In 1968, David Ausubel proposed that the use of graphic displays of 

information (e.g. flow charts, semantic diagrams, and tree maps) would greatly assist students in 

understanding new, interrelated, and potentially complicated information [24]. By June 2018, 

digital documents, videos, and computers were available for about 55.1% of the people in the 

world [11]. Thus, graphical displays of information have become more relevant in education, 

because of the increased availability of computers worldwide. Studies have shown that online 

sources of information, such as textbooks, increase the average performance of students for quizzes 

by about 16% [5]. Interactive e-books show a 16% increase in exam grades, 7.4% increase in 

project grades and 16% more lesson effectiveness than students who used traditional textbooks 

[6]. Academic organizations [15] [16] [17] and industry [18] [19] [20] [21] [22] [23] continue to 

invest into developing more effective and diverse online interactive textbooks, as studies continue 

to show large positive differences between traditional and online interactive textbooks. Graphical 

tools and e-books for different STEM subjects aim to improve students’ interest and ability to 

understand complicated concepts and connections [1] [3] [4] [7]. Some online interactive 

textbooks record each student’s activity for reading assignments and quizzes, but does not integrate 

this information into the system [7] [23]. These graphical tools and e-books focus on a single 

subject with multiple modules explaining each case, requiring vast amount of effort from an expert 

to create such modules. As a result, the static information is unable to operate optimally in new 

environments, because the system is unable to adapt uniquely to each students’ learning behaviors 



and teachers’ input. Thus, to overcome this issue, the DIME system integrates modern machine 

learning techniques, which allow the graphical display of information to adapt automatically based 

on external and internal feedback.  

The way the DIME system responds to these two types of feedback differentiates it from previous 

systems. Internal feedback refers to the students’ physical interaction with the DIME map, such as 

clicking, dragging, and searching patterns. These internal interactions alone are not enough 

information to modify the DIME map optimally, as it is not possible to separate actions based on 

curiosity and those purposely based on learning objectives. Thus, external feedback such as the 

course learning objectives, test scores, and assignment scores will ensure that the map optimally 

adapts to the specific learning situation. However, if external feedback is not available, the user 

will be encouraged to inform the system what their current learning objective is (e.g. identify key 

sections, terms, and mathematical expressions). A feature network will be used to combine 

feedback with the DIME map to dynamically modify the graphical display of information. As a 

result, the DIME system is able to work with any subject that contains mathematical expressions 

(such as variables and equations). The remaining sections will briefly describe the DIME system, 

previous findings regarding the system, and the feature network that is currently being integrated 

into future iterations of the system. 

The DIME System 

The DIME system is a web-based application that uses MECA (Mathematical Expression Content 

Analysis) software to construct a DIME map that contains extracted mathematical expressions, 

semantics, and declarations from a PDF file [12] [13] [14].  

 

Figure 1: Extraction of Core Features from MECA 

 



Mathematical expressions are a collection of characters from the PDF file that represent 

expressions such as equations and variables (e.g. 𝜔, 
1

2
𝑎𝑡2, and 𝑑𝑗

⃗⃗  ⃗ = 𝑝𝑗0 ∙ 𝑡0⃗⃗  ⃗ + 𝑝𝑗1 ∙ 𝑡1⃗⃗⃗  + ⋯+ 𝑝𝑗𝑛 ∙

𝑡𝑛⃗⃗  ⃗). Alone, these collections of characters cannot provide enough information to build relations 

between mathematical expressions, because their original syntax and meaning is unknown. For 

example, the equation 𝑦 = 𝑏2 ∗ 𝛽 is grouped as [y, \eq, b, *,\Beta, 2], which does not provide 

enough meaning to correctly recover the equation. Thus, semantics (object meanings, spatial 

layout, and order of operations) are used to generate the LaTeX structure of each mathematical 

expression [14]. Lastly, declarations represent word meanings and word relations for each 

mathematical expression such as a name or definition. Collectively, the mathematical expressions, 

semantics, and declarations created by MECA define the Core Features used to initialize the DIME 

feature network shown in Figure 2. Users will upload a PDF file to DIME, which will then 

communicate with MECA in order to retrieve the Core Features from the document. Afterwards, 

DIME will remain in a feedback loop, which automatically modifies the DIME map based on 

internal and external features. 

 

 Figure 2: Overview of DIME. The dashed line represents the DIME system that is repsonible for 

generating and maintaing the DIME Map.  

 

The initial state of the DIME map is determined by the Core Features that are received from the 

MECA system. These Core Features create a network of nodes and edges, which collectively make 



up the DIME map. Each node represents a mathematical expression and its declaration, while 

edges define the relationship between them. Relations between nodes are determined by 

identifying whether or not a particular mathematical expression is on the left or right hand side of 

an equation. For example, the system identifies the equation 𝐹 = −𝑘 ∙ 𝑥, as well as the individual 

variables, 𝑘 and 𝑥, which are introduced in other places in the document. Because the variables, 𝑘 

and 𝑥, are on the right side of the equation, the system interprets them as building into the equation, 

and therefore into the variable 𝐹. In the resulting map, arrows from both 𝑘 and 𝑥 to the equation 

would demonstrate these directional relationships shown in Figure 3. 

 

Figure 3: Building relations between nodes 

The finished DIME map will contain a vast network of these nodes and edges, allowing the student 

to follow the flow of information in the book easily. Figure 4 shows an example DIME map (on 

the right) which is displayed next to the e-book version of the uploaded PDF file. The numbers in 

Figure 4 correspond to the internal IDs in Table 1, which provide internal interactive feedback to 

the DIME network.  

 

Figure 4: The numbers in this figure refer to internal features from Table 1.  



Some additional features include highlighting all direct edges (relationships) when the user hovers 

over a specific node (mathematical expression), seen in Figure 4.  

Table 1: Key Internal Features 

ID Type Description 

1 Internal Custom arrangement of map nodes by clicking, holding, and dragging the left 

mouse button on an individual node. 

 

2 Internal Navigation between an object in the map and its location in the book by 

clicking on the node. 

 

3 Internal Search feature that uses declarations, LaTeX language, and symbol names. 

 

4 Internal Hide nodes that the user is not interested in. 

 

5 Internal Increase or decrease the distance between nodes. 

 

 

Together, these features allow the student to visualize and interact with the connections between 

interrelated mathematical expressions. Students are able to follow the teacher as they explain the 

bigger picture by visualizing what each mathematical expression builds to. The graph can act as a 

navigator for the text book, which provides information about mathematical expressions, 

definitions, and how it relates to other concepts not learned yet.  

Experimental Pilot Study 

A previous iteration of the DIME system was tested in a small pilot study [15]. A quasi-

experimental, pretest-posttest, control group design was used with high school students attending 

a STEM summer camp. The experimental group used the DIME map to investigate the 

relationships between physics topics involved in fixed axis rotation. Some students experienced 

initial problems with using the system due to computer incompatibility, the DIME system latency, 

and complexity of appearance. When these problems occurred, the students often worked together 

to explore and manipulate the DIME map on a single device. These issues have been addressed 

and improvements are continuously being made. Therefore, we expect the number of students 

independently using the DIME map to increase greatly in future implementations, as future 

iterations will aim to solve the problems experienced in this quasi-experimental study. 

This pilot study found promising results on the effects of high school students using the DIME 

map to learn advanced physics concepts [15]. The results of that study also showed that the 

experimental group scored higher than the control group on their ability to make connections 

between interrelated mathematical expressions and on their attitude toward learning science [15]. 

Females experienced over double the effect that males did in these outcomes from using the DIME 

map. These findings demonstrate the potential of the DIME map as an equitable and empowering 



educational tool for students and teachers. The feature network presented in this paper is based on 

the results of this small pilot study and is used in current iterations of the DIME map.  

Feature Network 

The feature network controls the orientation and physical attributes of every node and edge in the 

DIME Map. Physical attributes such as size, color, and opaque level target each node 

(mathematical expression and declaration), while the orientation changes the nodes position. Core, 

internal, and external feature weights will determine both the orientation and attributes of every 

node in the map. Core weights are determined during the extraction and analysis stage of MECA, 

which defines the initial feature network. Each core feature list in Table 2 will be assigned initial 

weights based on MECA metrics [12] [13]. 

Table 2: Core Features 

ID Type Description 

1 Core Extracted mathematical expressions from PDF file 

2 Core Extracted semantics from PDF file 

3 Core Extracted declarations from PDF file 

 

Weights are used to modify the DIME map by directly influencing each nodes orientation, size, 

color, and opacity describe in Table 3. 

Table 3: Node Attributes 

Type Description 

Orientation Position of the node with respect to every other node in the map, which is 

determined by a node’s weight and feature score. 

Size Increases as the weight of the node increases. 

Color Changes based on searching, mouse interactions, and external feature weights. 

Opacity Opaque scale from 0-1, where 0 makes the node hidden. 

 

Out of the four attributes listed in Table 3, orientation is the most critical attribute of the DIME 

map, as this controls the flow between concepts. As mentioned in the orientation description, 

weight is used to determine the position of the node. This is the result of the force between each 

node, which works similar to the relationship between planets and gravity. Larger nodes (like 

planets) will pull nodes closer to them, especially nodes that share a strong relationship with each 

other (same domain). Internal and external feature weights will directly affect the weight of each 

node, causing nearby nodes to periodically change their orientation and size as the student progress 



in the class. The system will notify the student after enough feedback is received to modify the 

DIME map, and the student can choose to accept or reject the modification.  

Internal and external features modify the weight of each nodes Core Features, causing the map’s 

orientation to change. All internal features receive weights based on the total distribution of 

interactions with internal features 1-5 from the first experimental group listed in Figure 5. Each 

internal feature weight is calculated from equation (1), where the superscript I represents internal 

features and n the feature ID. 

    𝑊𝑛
𝐼 = 

Total number of user interactions with internal feature 𝑛

Sum of all user interactions on every internal feature
                    (1) 

 

 

Figure 5: Refer to Figure 2 for each feature ID (1-5) and Table 1 for the description. 

From Figure 5, searching will receive more weight than the other features, as students used this 

more often. This result is logically correct, as it implies students must be searching with specific 

words related to their learning objective rather than playing with the graph. We expect the 

distribution of weights for each feature to stabilize as larger experimental groups are used. Future 

experiments may show different weight values for each feature based on the participant or setting 

characteristics. For example, high school and college students may prefer different features such 

as, navigating between the e-book and map instead of using the search bar. Students will receive 

an internal node score for each mathematical expression based on the weights from (1), described 

below in equation (2). Node scores determine the nodes overall weight, which is then compared to 

every other node.  

                                   𝐸𝐹𝑠
𝐼 = ∑𝑁𝑖 ∗ 𝑊𝑖

𝐼

𝑛

𝑖=1

                                           (2) 
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𝐸𝐹𝑠
𝐼 represents the internal nodes score for student 𝑠, 𝑁𝑖 represents the total number of interactions 

for feature 𝑖, and 𝑊𝑖
𝐼 defines the weight for internal feature 𝑖. Every mathematical expression will 

receive a 𝐸𝐹𝑠
𝐼 score, as this is required to update the map by modifying the feature network (Refer 

to Figure 2). Weights from internal features may create bias, as students could be exploring or 

playing with the map rather than spending more time with a particular feature due to focus or 

study. Thus, external features are used to enhance and dampen the effects of internal features. 

Table 4 describes external features that are determined by the teachers’ input about each individual 

user’s interaction or performance in the class. For example, if the class curriculum is focused on 

acceleration, then students who struggle with this concept on quizzes, homework’s, and exams 

will have increased weights for mathematical expressions related to acceleration. This means that 

concepts in future sections or chapters that relate to acceleration will receive additional weight. 

Equation (3) calculates the new core feature weight (𝐶𝐹𝑖), where 𝑖 is the ID for some core feature 

in Table 2 (mathematical expression, semantics, declaration). 

                                                      𝐶𝐹𝑖 = 𝐶𝐹𝑖 ∗ 𝑊𝑛
𝐸                                                   (3) 

The external feature weights’ (𝑊𝑛
𝐸) impact on the DIME system compared to the internal features 

impact is greater, as the external features are based on direct teacher feedback.  

Table 3: External Features 

ID Weight Type Description 

1 𝑊1
𝐸 External Scores from test, home works, and quizzes as 

𝑠𝑐𝑜𝑟𝑒

𝑡𝑜𝑡𝑎𝑙 𝑝𝑜𝑖𝑛𝑡𝑠
 on a 

scale of 0-1. 

2 𝑊2
𝐸 External Direct feedback from the teacher’s observation on a scale of 0-

1, with 1 being very easy and 0 very hard. 

3 𝑊3
𝐸 External Importance on a scale of 0-1, with 0 being irrelevant and 1 

being extremely important. (How strong does the material 

relate to the current learning objective?)  

 

Each external weight is calculated by subtracting the score (e.g. importance, test, or quizzes) 

provided by the teacher from one, shown in equation (4). S is on an interval from [0-1]. 

                                𝑊𝑛
𝐸 = 1 − 𝑆                                                           (4) 

Students who receive high scores will have lower external weights, as a perfect score of one will 

result in an external weight of zero (𝑊𝑛
𝐸 = 1 − 1 = 0). Thus, the core feature weight for a specific 

mathematical expression will decrease as students perform better in class and on exams.  



 
Figure 6: Map weight change example 

 

Figure 6 describes a simplified DIME map, where A, B, and C represent mathematical expressions 

where the student is currently struggling. As the student performs better on mathematical 

expression C, the nodes weight decreased, causing it to move away from the more difficult 

mathematical expressions where the student is struggling. The DIME map uses the core, internal 

and external feature weights to arrange these nodes into a graphical display (Figure 4). The 

resulting map is a network of nodes and edges based on the students’ learning behaviors and 

interactions with the system. Students and teachers may still change this map into a representation 

that best fits them by using the features described in Figure 4 and Table 1 (such as dragging and 

hiding). Figure 7 represents a manual modification of the DIME map by a teacher from the pilot 

study. The teacher was focused on teaching rotational kinetic energy and angular momentum, 

which is located at the bottom of the map. While the ability to rearrange nodes is unique to this 

technology, the teacher’s arrangement of the nodes is reminiscent of traditional, teacher-made 

concept maps. The purpose of introducing feedback and weights is for the system to automatically 

create something meaningful that inherently helps guide the student’s learning process.  Future 

iterations of the DIME system will strive to automatically generate a similar map to those created 

by the teacher by using external feedback to prioritize the targeted rotational kinetic energy and 

angular momentum nodes. When the teacher specifies which nodes are most important, the system 

increases the targeted node’s weight and the weight of any nodes that share a connection with the 

target node. The system will then traverse through every node, analyzing the strength of its 

connection to the targeted nodes and their variables. Collectively, the DIME map will utilize a 

feedback loop that adapts based on the integration of equations (1), (2), and (3) with the base 

feature network. The full extent of the feature network is not discussed in detail because the write-

up would be extensive and out of the scope of this paper. The fundamentals discussed in this paper 



demonstrate the power of the DIME system to automatically create a map of knowledge and 

display it in a meaningful, logical way by utilizing the feature network. 

 

 

Figure 7: A teacher who was preparing for a presentation modified this DIME map with the 

dragging feature (Internal feature 1) and the hide feature (Internal feature 4). 

Conclusion 

The DIME map has great potential as a tool for students to visualize and understand connections 

between interrelated mathematical expressions. By overcoming the complexity of appearance 

issue with students in the pilot study, future iterations of the DIME system will be able to provide 

a unique way of approaching the structure of knowledge for students through a feature network 

that is modeled based on their unique interactions with the DIME map. We are currently testing 

the latest version of the DIME system on a larger sample size of students and longer time duration 

to obtain a robust estimate of effectiveness. Future iterations of the system will provide the teacher 

with suggestions on what the student may be currently struggling with or what they might struggle 

with in the near future. In addition, the DIME map will develop unique features for each student 

based on their feature network, which is determined by that student’s interaction with the DIME 

map and performance in the course (teacher feedback). Students and teachers can use the DIME 

map with any STEM material that contains mathematical expressions, making it a diverse tool for 

multiple subjects.  
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