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Abstract: Developing a student’s mathematical proficiency relies on high student engagement and 
results in low student attrition. As students encounter a mathematical task in a lecture or homework 
assignment, their level of engagement can be assessed through computer-mediated communication 
with high student cognitive fidelity. This computer-mediated communication is called digital 
inking. For students, from the traditional classroom to the online classroom, studies show that 
writing is critical for student learning and engagement. This paper on best practices will share how 
digital inking engages university students in generative approaches that help convey their 
conceptual understanding (and misunderstandings) of mathematical tasks. The approach to using 
digital inking in a STEM course is presented along with results of using digital inking as compared 
to pencil and paper while assessed using an online instructional and assessment system (e.g., 
WebAssign®). 

 
 
Introduction 
 
 With the pervasive and successful examples of technology use in our society today, it is believed that 
technology can be incorporated into the teaching and learning of mathematics to help students improve their 
conceptual understanding and procedural fluency—both crucial components of mathematical proficiency (Hiebert 
& Lefevre, 1986; National Research Council, 2001).  To accomplish mathematical proficiency, pedagogy 
incorporates technology to enhance student engagement. Developing a student’s mathematical proficiency relies on 
high student engagement and results in low student attrition (Ritchhart, Church, & Morrison, 2011). Examples of 
research on the successful incorporation of technology into the teaching and learning of mathematics for the 
enhancement of student engagement exist regarding calculators, dynamic geometry software, computer algebra 
systems, and interactive white boards (Heid & Blume, 2008). 
 For the assessment of student engagement and attainment of mathematical proficiency, technological 
advances allow an instructor to delve deeper into a student’s thinking as they encounter a mathematical task in a 
lecture or homework assignment.  This level of student engagement can be assessed through computer-mediated 
communication with high student cognitive fidelity.  This computer-mediated communication is called digital 
inking. 

For students in the traditional classroom to the online classroom, studies show that writing is critical for 
student engagement and learning (Lafreniere, 2015c, 2016; Liu, Li, & Vonderwell, 2010; Mueller & Oppenheimer, 
2014).  In addition, the implementation of technological tools to develop mathematical proficiency should come 
with high cognitive fidelity and high mathematical fidelity – especially when developing a student’s conceptual 
understanding (Cobb, 2007; Dick, 2008; Narayan, 2014). For this qualitative exploration, digital inking is used to 
engage university students in generative approaches that help convey their conceptual understanding (and 
misunderstandings) of mathematical tasks.  The digital ink was collected from the students and assessed using an 
online instructional and assessment system known as WebAssign®.  This qualitative exploration includes results 
from a recent STEM course where digital ink was used.  
 
 
Why Digital Inking? 
 
 Digital ink is the integration of technology to interact with a computer screen using a stylus (Gibson, 
Friend, & Yeo, 2008) or the digitizing of traditional pen strokes on paper. In all cases, the digital ink is a digital data 
file that contains some or all of the following information: ink length, color and thickness, bitmap or vector image 



 

 

details, time correlation details for each pixel or vector of ink, and sequence of historical ink entries and ink erasures 
sufficient for replay and analysis.  Digital ink can be created using devices such as tablet PCs (e.g., Microsoft® 
Surface™), interactive pen displays (e.g., Wacom® Cintiq®), tablets (e.g., Apple® iPad®, Android™ tablet), or 
smartpens (e.g., Livescribe™ 3 Smartpen).  Studies have demonstrated the benefits of digital ink in terms of lowered 
cognitive load demand when using technology to learn and focus on topics more acutely (S. Oviatt, Arthur, & 
Cohen, 2006; S. Oviatt, Cohen, Miller, Hodge, & Mann, 2012; S. L. Oviatt & Cohen, 2010).  In addition, digital 
inking by a student affords teachers insight into learner cognition. Two areas of measurement for cognition should 
include the mathematical fidelity of the tool and the cognitive fidelity of the student’s completion of mathematical 
tasks (National Research Council, 2000, 2005; Zbiek, Heid, Blume, & Dick, 2007).  Mathematical fidelity includes 
the tool’s ability to represent the mathematics in high fidelity or high accuracy.  The tool should not include non-
mathematical aspects—like click the menu to select a new graphing option—instead, simply draw the graph using a 
writing tool or stylus (Dick, 2008).  Cognitive fidelity includes the ability to portray accurately what a learner is 
thinking and to make visible a learner’s understanding for themselves as well as the teacher (Dick, 2008).  Couple 
digital ink with the growing use of online assessment tools like WebAssign® that allow for the embedding of third-
party software capabilities and we have an ability to assess learner cognition regarding two essential strands of 
mathematical proficiency:  procedural fluency and conceptual understanding (National Research Council, 2001). 
Although there are five strands of mathematical proficiency, the focus of this study is on the two aforementioned 
strands. 
 
 
Evolution of Uses of Digital Ink  
 
 Initially, the tablet PC was the tool of choice in our study for creating digital ink for teaching (teacher-
centered) and screen cast videos that archived notes for students to replay (recorded with Camtasia® on OneNote® 
software).  At the next iteration of using digital ink, student-centered learning became the goal. Each student used 
digital ink in a computer lab to generate approaches, thoughts, and solutions with DyKnow™ Vision software on 
Wacom® interactive pen displays (Fig. 1).  At this stage of the study, digital ink was separate from online 
assessment in WebAssign®. WebAssign® understood and interacted with the mathematical language used by 
students during online assessment of mathematical tasks.  WebAssign® provided a high level of mathematical 
fidelity for students to convey their mathematical thinking.  Furthermore, for the first time in the study, there was 
the ability to see student’s writings and thinking (sequence of steps they took) with DyKnow™ Vision since digital 
ink of each student is recorded (versus the static image of a single submission of work in pencil).  Digital ink 
coupled with online assessment results in WebAssign® made visible student thinking (Hattie, 2012; Reed & Berque, 
2010), highly engaged students based on student digital inking data, and included low attrition based on 
WebAssign® assessment results. 
 

 
Figure 1: Digital ink use by mathematics students using interactive pen display. 

 
From this, the desire to incorporate digital ink into a single digital environment became a priority to lower 

the cognitive load demand of students having to manage two software systems and further combine the quantitative 
and qualitative assessment data sets.  Incorporating digital ink into WebAssign® and analyzing student writing 
occurred. Other software solutions for possible integration and interpretation of digital ink were reviewed (e.g., 
FluidMath™, MyScript®) (Hatfield, 2010), yet to achieve the primary goal of lowering cognitive load demand for 
students we embedded digital ink into online assessments via WebAssign® (i.e., PencilPad®) albeit without 
recording (Fig. 2).  



 

 

 

 
Figure 2:  Digital ink use by students in WebAssign®. 

 
Other third-party software solutions were available that expounded on the use of digital ink beyond one 

individual student’s submission.  Examples included OneNote® to share a collaborative writing space, as well as, 
other online whiteboarding tools like GroupBoard (Fig. 3). Hardware limitations (e.g., access to technology, 
expense, compatibility) were problematic for all students to participate across all formats of instruction such as 
traditional classroom, hybrid, and online.  Work by Oviatt et al. (2012) led to interest in using Anoto® smartpens  

 

 
Figure 3:  Digital ink embedded in WebAssign®. 

 
(e.g., Livescribe™ 3) along with writing on special dot paper all while recording writings as digital ink.  The digital 
ink from these smartpens is embeddable in the online assessment tool WebAssign® (Fig. 4).  Much can be assessed 
from digital ink to validate mathematical proficiency beyond the correct answer that helps a student master two 
essential mathematical proficiency strands like procedural fluency and conceptual understanding.  Digital ink 
provides insight into time spent writing and not writing, ink stroke length, erasures, corrections, and more as 
evidenced in research (Kamin, Capitanu, Twidale, & Peiper, 2008). 
 

 
Figure 4: Digital ink from Livescribe™ smartpen embedded in WebAssign® with playback capabilities. 

 



 

 

Findings 
 

Earlier attempts to quantify the effect size of mathematical students engaging and using digital ink yielded 
an effect size of 1.2 (Lafreniere, 2015a).  This resulting effect size is well above the benchmark of 0.4 described by 
Hattie (2012).  These results were compiled using paired t-test analysis of students completing a nationally available 
math placement test before and after treatment using digital ink and WebAssign®.  The use of digital ink in this 
earlier attempt relied on a computer lab with a Wacom® interactive pen display for each student (Fig. 1).  The 
combination of digital ink and online assessment capabilities of WebAssign® were the technological tools employed 
in this study.  Given the cost prohibitive nature of the interactive pen display hardware used and the cognitive load 
demands on students using two software systems, an integrative approach using only WebAssign® was sought.  

During the Spring 2016 semester in a STEM course for preparing future teachers, a qualitative comparison 
of students’ mathematical tasks was conducted using two techniques:  traditional pencil/paper compared to 
smartpens/special dot paper.  Students were provided geometric and algebraic mathematical tasks to complete using 
both techniques.  From this comparison of two techniques, noticeable gains with regard to teacher insight were 
present when students used the smartpens versus pencils.  Particular emphasis was placed on assessing the 
conceptual understanding of students. Earlier attempts were able to ascertain procedural fluency with WebAssign®.  
WebAssign® along with both techniques’ data sets were reviewed for two strands of mathematical proficiency:  
procedural fluency and conceptual understanding.  WebAssign® afforded students using either technique with 
immediate feedback.  This feedback occurred through evaluation of student submissions to mathematical tasks with 
a high level of mathematical fidelity.  Mathematical fidelity is high since WebAssign® grades student responses 
much like a teacher who accepts some mathematical equivalency.  This automatic grading and feedback is 
aggregated by WebAssign® within features like Class Insights and help validate a student’s procedural fluency. 

For conceptual understanding, students were able to seamlessly convey their work either through 
pencil/paper submission or smartpen digital ink via data upload of their work.  From a qualitative review of these 
two sets of data, the digital ink provided more than the “snapshot” available from the pencil and paper technique.  
The smartpen digital ink offered a high level of cognitive fidelity.  In addition to student sequencing of thought and 
disclosure of their understanding of concepts through their digital ink strokes, some students employed a think-
aloud protocol that synchronized their verbal comments with their digital ink.  This unintended audio data collection 
further added to the high level of cognitive fidelity when using digital ink – since smartpens could include recorded 
sounds synced to the ink strokes. 

Overall, the qualitative results of student gains in mathematical proficiency in areas of procedural fluency 
and conceptual understanding through WebAssign ® and digital ink corresponded to high levels of student 
engagement.  Students were spending documentable time thoughtfully conveying their approaches to mathematical 
tasks when using digital ink and WebAssign®.  The pencil and paper submissions lacked evidence of engagement 
compared to evidence of engagement from digital ink and WebAssign® use. 
 
 
Best Practices and Conclusions 
 

Deciding to use digital ink requires an understanding of the types of information we can glean from digital 
ink use.  Such data can include number of ink strokes, types of ink strokes, start and end times to a task, time 
between ink strokes, ink erasures and corrections, and other ink data points.  This data on digital ink can help 
differentiate between experts and novices and how people learn (National Research Council, 2000). The ideal 
practice of digital ink involves interactive pen displays coupled to a computer with an additional monitor (a total of 
two screens – one for viewing and the other interactive) working in one online assessment system like WebAssign®. 
This practice reduces a student’s cognitive load demand allowing a student more capacity to focus on the 
mathematical tasks presented.  In addition, this practice allows for use of digital ink with collaborative 
whiteboarding spaces, supplemental instruction sessions (e.g., tutoring), and a new promising form of instruction 
using lightboards (SDSU Instructional Technology Services, 2016). 

Another practice of digital ink involves smartpens coupled with embedded capabilities of a single online 
assessment system like WebAssign®.  This provides a considerable reduction in a student’s cognitive load demand 
given their likely familiarity with using a non-digital writing device (e.g., a pencil).  This practice allows for delayed 
submission of student work (via upload of digital ink data file), as well as, real-time digital ink interaction similar to 
interactive pen displays given new advances in Bluetooth® capabilities of smartpens. 



 

 

Ideally, the integration of the digital ink into the online assessment system for greater responsiveness to 
student writing in real-time can reduce student misconception development, alert the instructor to amount of student 
engagement, and interact with a computer algebra system interface that could provide supplemental instruction 
support (e.g., interactive tutoring).  These are future capabilities.  With the advent of lightboards, digital ink use can 
allow for collaboration and integration of real-time online assessment. 

To minimize cognitive load required of a student using technology and to increase engagement while 
learning mathematics, digital ink usage in conjunction with an online assessment tool such as WebAssign® affords 
us high cognitive fidelity, high mathematical fidelity, and attainment of procedural fluency and conceptual 
understanding in our quest for student mathematical proficiency (Lafreniere, 2015b).  These findings support 
integration of digital ink into online assessment tools like WebAssign® in order to assess many strands of 
mathematical proficiency, to make visible a student’s mathematical learning, and to validate student engagement. 
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