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ABSTRACT 
As technical as we have become, modern computing has 
not permeated many important areas of our lives, including 
mathematics education which still involves pencil and pa-
per. In the present study, twenty high school geometry stu-
dents varying in ability from low to high participated in a 
comparative assessment of math problem solving using 
existing pencil and paper work practice (PP), and three 
different interfaces: an Anoto-based digital stylus and pa-
per interface (DP), pen tablet interface (PT), and graphical 
tablet interface (GT). Cognitive Load Theory correctly 
predicted that as interfaces departed more from familiar 
work practice (GT > PT > DP), students would experience 
greater cognitive load such that performance would dete-
riorate in speed, attentional focus, meta-cognitive control, 
correctness of problem solutions, and memory. In addition, 
low-performing students experienced elevated cognitive 
load, with the more challenging interfaces (GT, PT) dis-
rupting their performance disproportionately more than 
higher performers. The present results indicate that Cogni-
tive Load Theory provides a coherent and powerful basis 
for predicting the rank ordering of users’ performance by 
type of interface. In the future, new interfaces for areas like 
education and mobile computing could benefit from de-
signs that minimize users’ load so performance is more 
adequately supported. 
ACM Classification & General Terms:  
H.5.2 [Information Interfaces and Presentation]: User 
Interfaces—user-centered design, interaction styles, 
evaluation/methodology, input devices and strategies, pro-
totyping. 
 
Keywords: Pen-based interfaces, Performance Metrics, E-
Learning and Education, Universal (or Disability Access), 
Input and Interaction Technologies, Handheld and Mobile 
Computing, Tangible UIs, Communications 

INTRODUCTION 

As technical as we have become, modern computing still 
has not permeated many important areas of our lives, in-
cluding ones that we value highly like mathematics educa-
tion. High school mathematics education still depends on 
pencil and paper, and perhaps for good reason. Other para-
doxes dominate recent news, presenting challenges for the 
future of computing. For example, while the gap between 
white and black Americans in access to the internet has 
narrowed by 6% during the past 8 years, according to Pew 
national survey data [13], during the same time period 
Washington Assessment of Student Learning (WASL) test 
results revealed a substantial widening of the achievement 
gap in mathematics between white and minority students─ 
from 17.9 to 31.3% between white and black 7th graders, 
17.3 to 29.3% between white and Latino students, and 17.1 
to 23.8% between white and American Indian students [5]. 
At present, only one-quarter of minority students in Wash-
ington State pass basic achievement tests in mathematics. 
New technologies clearly are needed that can permeate, 
and unite rather than divide. 
Related Literature on Pen-based Interfaces & Education 
Among the attractive things about pen-based interfaces are 
their compatibility with existing work practice in education 
and many other domains [1,2,7,9,10], their suitability for 
mobile use and collaboration [12,16], and also their support 
for a broad range of expressive input in different represen-
tational systems (i.e., linguistic, numeric, symbolic, dia-
grammatic). In contrast, graphical user interfaces (GUIs) 
provide good support for linguistic and numeric content, 
but user input involving symbols or diagrams is more 
poorly supported or missing altogether. Complex problem 
solving in domains like mathematics requires input fluency 
in all four representational systems, and also flexible trans-
lation among them─ for example, from word problems, to 
diagrams, to algebraic formulas. As a result, current work 
practice for high school geometry and mathematics educa-
tion still involves pencil and paper─ that is, learning with-
out computational support at all.   

 
 
 
 
 
 
 

Research on pen tablet interfaces has pursued recognition-
based interfaces for freehand mathematical notations and 
equations [10,18], rather than handwriting per se [17]. In 
addition, considerable work in this area has simply in-
volved sharing of ink between instructors and students in 
classroom lecture contexts, for example annotations and 
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marks on distributed Powerpoint slides [1,2]. Recent em-
pirical work also has explored whether pen-based, spoken, 
or multimodal input are faster for entering equations or 
preferred by users, compared with state-of-the-art GUIs 
that include an equation editor with a hierarchically-
organized array of 50-100 symbols and templates [4]. 
When user input was examined for entering equations 
varying in difficulty on a tablet computer, and decoupled 
from system recognition processing, adults performed 
faster with all of the non-GUI interfaces and preferred writ-
ing math content [4]. However, research has yet to examine 
interface support for math problem solving rather than me-
chanical entry tasks, or for newer Anoto-based digital sty-
lus and paper interfaces rather than the pen tablet interface. 
Research also has not yet probed how well different inter-
faces support math education for a range of low- and high-
performing students. Given present hardcopy work prac-
tice, research also could benefit by investigating what the 
best route may be for transitioning math education to com-
putational support so students’ learning performance can 
be enhanced.  

Related Literature on Cognitive Load & Learning 
When learning new intellectual tasks, the cognitive effort 
required on the part of learners tends to be high and to fluc-
tuate substantially. Over the past decade, Cognitive Load 
Theory (CLT) has maintained that in the process of learn-
ing and developing expertise it is easier to acquire new 
schemas and effectively automate them if instructional 
methods minimize demands on a students’ working mem-
ory, thereby reducing their cognitive load [6,14,15,19]. 
Advocates of this theory typically assess the “extraneous 
complexity” associated with instructional methods or inter-
faces separately from the “intrinsic complexity” associated 
with a student’s primary learning task, which is done by 
comparing performance indices of cognitive load as stu-
dents use different methods. Basically, CLT has focused on 
the design of instructional materials with the aim of de-
creasing extraneous cognitive load so students’ available 
cognitive resources can be devoted to their learning tasks.  
In a series of education experiments, it was revealed that a 
dual-mode presentation format supported expansion of 
working memory and better problem solving in geometry 
tasks than a single visual mode [14]. Essentially, it was 
shown that an integrated multimodal presentation format 
can expand the size of available working memory in a man-
ner that expedites classroom instruction. Other potential 
ways to reduce students’ extraneous cognitive load and 
expand working memory during learning could include 
designing interfaces that are more similar with existing 
work practice, that support the representational systems 
required by the domain, and that focus students’ attention 
on the math operations required for problem solution rather 
than on gratuitous features that may entertain but also dis-
tract (i.e., minimizing unnecessary complexity). 

Specific Goals and Predictions of This Study 
The general goal of this research was to prototype promis-
ing new interface directions for math education, and to 

compare their ability to support students’ performance dur-
ing math problem solving activities. More specifically, this 
study compared students’ performance on geometry prob-
lem solving tasks while using pencil and paper, which is 
existing work practice for high school math education, with 
their use of three alternative interface prototypes: (1) an 
Anoto-based digital stylus and paper interface [3], (2) a 
pen-based tablet interface, and (3) a graphical tablet inter-
face that included a stylus and simplified equation editor. 
As interface prototypes depart more from familiar work 
practice (GT > PT > DP), it was conjectured that students 
would experience greater extraneous cognitive load such 
that performance would deteriorate. The present study also 
assessed whether Cognitive Load Theory (CLT) could cor-
rectly predict the rank ordering of interfaces by their ability 
to support performance. Performance was assessed using 
convergent metrics of dynamic information processing, 
including speed, attentional focus, meta-cognitive control, 
correctness of solutions, and memory. 
A second goal of the present work was to present students 
with geometry tasks varying in intrinsic complexity from 
low to very high, which would provide a forcing function 
for evaluating how well different interfaces support student 
performance during a realistic range of tasks. Cognitive 
Load Theory predicts that as task difficulty increases, cog-
nitive load also rises and combines with extraneous sources 
of load (e.g., interface-related) to degrade performance. A 
third and related goal was to prototype and evaluate inter-
faces with students ranging from low- to high-performers 
in math, so that new educational interfaces can be designed 
that are supportive of learning for all students. Cognitive 
Load Theory predicts that lower-performing students with 
less well consolidated math expertise would experience 
more cognitive load than higher-performing students. For 
such students, more challenging interfaces or difficult tasks 
would disrupt their performance disproportionately more 
than the higher performing students.  

METHODS 
Participants 
Twenty public high school students who had recently com-
pleted a geometry class were included in the study as paid 
volunteers. All students had been using paper and pencil 
materials in their high school math classes, had expressed 
an interest in technology, and were experienced users of 
graphical user interfaces with keyboard and mouse input. 
According to both (1) teacher records on students’ class-
room grades in geometry and (2) students’ percentage of 
correct math problem solutions in the present study, ap-
proximately half of the students were classified as high-
performing and the other half low-to-moderate performing. 
Thirteen of the volunteers were female and seven male. All 
students were native speakers of English, but varied in eth-
nic (e.g., Russian, Vietnamese, Indian, Scottish) and racial 
backgrounds (e.g., Caucasian, Black, Asian). 
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Math Problems and Difficulty Levels  
Based on consultation with high school teachers, text-
books, and classroom observations, math problems were 
selected for inclusion in the study that students had just 
finished learning about in a high school geometry class. 
Teacher records of average student test performance on 
specific problems (i.e., percent correct on midterms) was 
used as an initial basis for classifying problems by diffi-
culty level. Pilot testing then was conducted to confirm 
difficulty level classifications. Table 1 illustrates typical 
examples of math problems representing the different diffi-
culty levels. 
All of the math problems were word problems that required 
translation from linguistic information into symbolic and 
digit-based information to solve them. Since the majority 
were spatially-oriented geometry problems, diagrams also 
were helpful in solving them. In short, successful comple-
tion of the math problems required complex problem solv-
ing using all four representational systems (i.e., linguistic, 
symbolic, numeric, and diagrammatic), as well as translat-
ing among them. These characteristics permitted testing the 
ability of different interfaces’ to support flexibly expressive 
communication patterns, which is required for extended 
problem solving in domains like geometry. The number, 
format, and type of information elements varied in prob-
lems representing different difficulty levels, such that 
harder problems involved more steps to solution, informa-
tion presented in different formats (e.g., integers versus 
ratios), incidental information not required for solution, 
and so forth. Beyond this, all problems maintained a natu-
ral narrative order of presentation (i.e., end rather than start 
unknown), were contextualized real-world problems, and 
used familiar terminology. In case students had forgotten, 
any terms or equations needed to complete a problem were 
supplied for reference, as shown in Figure 1 (bottom left). 

Difficulty Geometry Problem Content 

Low 
A hamster wheel is 10 cm in diameter. If the ham-
ster runs so the wheel turns 100 revolutions, then 
how far did the hamster run? 

Moderate 
Josh made a party hat shaped like a triangle. If it 
has a base of 16” and a height of 7”, what is the 
surface area of the front of it? 

High 
Thad has a new silver kite shaped like a rhombus. 
If the diagonals are 7 cm wide and 12 cm long, 
what is the surface area of his kite? 

Very High 
The Transamerica building in San Francisco is a 
pyramid 800’ tall, with a square base 149’ on each 
side. What is its volume in cubic feet? 

Table 1: Examples of geometry problems represent-
ing different difficulty levels 

Procedure 
Students were tested in pairs, and were given instructions 
and practice together. They were told: “We are getting 
ready for a summer camp that will be teaching geometry to 
younger high school students who don’t understand math 
as well as you. We would like you to help us get our mate-
rials ready by trying out some different computer interfaces 
while you solve geometry problems. When you’re done, 
I’ll ask you a few questions about the interfaces you used, 
and what you think we can do to make sure kids at camp 
learn math successfully and have a great experience.”  
The student volunteers then were shown the four different 
sets of materials that they would be using to solve prob-
lems, including: (1) standard pencil and paper, (2) digital 
stylus and paper (i.e., Nokia stylus with Anoto-based paper 
technology), (3) tablet computer with stylus input, and (4) 
tablet computer with keyboard, mouse, and stylus input, 
which was enhanced with a simplified MathType equation 
editor containing 11 symbols for geometry that were not on 
the keyboard (e.g., square roots, powers). 
For all four conditions, each problem set was presented on 
a Toshiba Portege laptop screen, as shown in Figure 1, 
which included the main word problem (top) along with 
any terms or equations required to complete the problem 
(lower left). In the two paper-based conditions students 
simply read the problem on the computer screen but did 
their work on paper. In the two tablet-based conditions they 
entered their work on the computer, using Windows Jour-
nal for the pen tablet condition, and either MathType or 
Windows Journal (i.e. using a stylus) for the mixed graphi-
cal tablet interface. Figure 1 shows the graphical tablet 
interface condition, with MathType (left side) and Win-
dows Journal (right side) both open. In the pen tablet con-
dition, Windows Journal was the only input area open, and 
in the two paper conditions the middle of the screen shown 
in Figure 1 was left blank. Like the paper conditions, the 
Windows Journal and MathType input environments sim-
ply provided blank space on which students could compose 
their input. In all conditions, students were told they could 
use their calculator, and they were free to use their materi-
als any way they liked. With the graphical tablet interface, 
students were told they could use the keyboard and equa-
tion editor or pen input however they wished. 
For each of the three computer interfaces, students were 
given instructions on how it worked and allowed to prac-
tice until they were familiar and had no more questions. 
For example, with the pen tablet interface they were ori-
ented to the basics of how to ink, erase, undo/redo, move 
and resize their input, and how to scroll down to get more 
writing space. With the graphical tablet interface, they 
were shown the symbols in the equation editor and given 
practice using them all in a problem. They also were shown 
how to undo/redo and other basic capabilities, although 
most aspects of the graphical interface already were famil-
iar. Beyond basic orientation to each interface, students 
were told to work at their own pace, and that they should 
just concentrate on solving each problem. If they couldn’t 
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complete a problem, they were instructed to go on to the 
next.  
Afterwards, each student worked individually with their 
own computer display and materials during the main test 
session. They completed 16 math problems, including 4 
problems apiece in each of the 4 conditions. In all condi-
tions, when students were done with each problem they 
were instructed to click the “Submit” button (Figure 1,  
lower right), which then collected auto-timings from the 
beginning of problem presentation until submission of the 
answer. While working on their problems, each student 
wore a close-talking headset that recorded their digital 
speech during a think-aloud protocol. They were told: 
“While working on your math problems, I’m going to ask 
you to talk out loud about anything you’re thinking as you 
work. If you’re thinking about the interface you’re using or 
the math problem you’re working on, just go ahead & say 
it! No matter how miscellaneous, all your thoughts will 
help us develop better materials for the kids at camp.” 

Following this main test session, students also each com-
pleted 16 questions on a forced-choice memory test, in 
which they were asked to recall both task-critical and inci-
dental information from the high and very high difficulty 
math problems that they had just finished solving. Four 
questions apiece involved content students had seen while 
working in each interface condition. Each question re-
quired selecting the answer from among three alternatives 
that were close distractors (e.g., “Who owned the new sil-
ver kite?  Thad   Thomas   Ted”; “How tall is the Trans-

america building?   900 ft.   700 ft.    800 ft.”). Afterwards, 
students each were asked to fill out a questionnaire in 
which they were asked what they liked and disliked about 
the four interfaces, and also which interfaces helped them 
focus best on solving their math problems. Among the 
questions they were asked was, “If you had to take an AP 
math exam and perform at your best, how would you rank 
order your preference to use each interface or set of mate-
rials? (1 most preferred, 4 least preferred). 

Research Design 
This study involved a mixed factorial experimental design, 
with the main within-subject independent factors including: 
(1) Type of Interface: Paper and pencil hardcopy materials 
(PP), Digital stylus & paper interface (DP), Pen tablet in-
terface (PT), and graphical tablet interface (GT), and (2) 
Math Problem Difficulty Level: Low, Moderate, High, and 
Very High. Each student completed a set of four problems 
per condition, which increased progressively in difficulty 
from low to very high difficulty. The specific math content 

of different problem sets that were paired with the interface 
conditions and also the order of presentation of the inter-
face conditions were completely counterbalanced. The or-
der of math content asked about during the memory test 
also was rotated to match that received during the session.  

      
Figure 1: Student interface used to display math problems. 

The main between-subject factor in this study was: (3) Stu-
dent Performance Level: High, Low. Eleven students were 
classified as high performing, and nine as low performing. 
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Dependent Measures and Coding 
The digital recordings of speech were transcribed from all 
sessions, and automatic timings were collected of student 
solution times for all problems. In addition, data coding 
was performed on the measures outlined below.  

Time-to-Complete Problem Solutions 
Timings were automatically collected from the beginning 
of each problem presentation until the student clicked “sub-
mit” to indicate completion of their answer. Total time to 
solution then was computed for each problem, and summa-
rized for each condition. Time to solution also was com-
puted for the subset of problems that students solved cor-
rectly, excising 90 cases where the solution was completely 
incorrect or not attempted at all. 

Correctness of Problem Solutions 
All student problems were scored for correctness of solu-
tion, with partial credit given when one or more of the fol-
lowing problems was evident: the final numeric answer 
wasn’t fully computed, only one part of a two-part question 
was answered correctly, labeling in units was missing from 
the final answer, or decimal places were incorrect or miss-
ing. The percent of correct solutions per condition then was 
totaled for each student. 

Focus of Attention during Problem Solving 
Based on the think-aloud transcriptions, each of students’ 
utterances were scored during their problem solutions as: 
(1) a read comment, (2) low-level math comment during a 
localized solution step (e.g., “So, it’s just 15 times 12”), (3) 
high-level math insight of a meta-cognitive nature (e.g., 
“Oh, it’s a volume problem”; “That’s just useless informa-
tion”), (4) an interface-related comment (e.g., “Now, I’m 
gonna lasso it to make it smaller so I have more room to 
work”), with negative interface comments also scored sepa-
rately (e.g., “Dang it, I mis-clicked”; “Okay, the lasso 
didn’t work”), and (5) other off-task comments (e.g., “Adri-
enne’s leaving, okay”). Utterances coded as high-level 
math comments reflected a meta-cognitive level of aware-
ness about solving the problem, including what type of 
problem it was, how difficult/easy, what type of informa-
tion/strategies were needed to solve the problem (e.g., 
translations or conversions), spatial relations among objects 
represented, diagnostics about the presence or nature of 
errors, and self-reflections by the student about their ability 
to solve the problem. The total number of each type of 
comment was summarized for each condition, as well as 
the ratio per total comments. 

Memory for Problem Content 
The total percentage of forced-choice memory questions 
that students recalled correctly was scored and summarized 
for each condition. 

Self-Reported Interface Preferences 
Each student’s rank-order preference for the 4 interfaces 
was scored from their written questionnaire, with 1 for the 
most preferred and 4 for least. Average student rank-order 
interface preferences then were summarized for each con-
dition. Qualitative feedback also was summarized about 

students’ reasons for their rank-order preferences, as well 
as what students liked and disliked about each interface. 

Reliability 
Second scoring was conducted between two independent 
coders on all of the scored data for correctness of problem 
solutions, with a 100% match obtained. Scoring of stu-
dents’ focus of attention during the think-aloud also was 
performed by two independent raters for all data, with mi-
nor departures then resolved.  

RESULTS 
Data were available on 320 problem solutions and 20 hours 
of speech recordings during the think-aloud. For all de-
pendent measures reported below, analyses were based on 
a minimum of 16 and maximum of 20 students’ data. 

Time-to-Complete Problem Solutions 
The average time that it took students to complete math 
problems while using the different interfaces is shown in 
Figure 2. When using paper and pencil and the digital sty-
lus interface, students’ average speed for all data was 
117.96 seconds and 115.36 seconds, respectively, not a 
significant difference by paired t test, t < 1. Likewise, when 
using the pen tablet and graphical tablet interfaces, they 
averaged 132.36 and 136.17 seconds, respectively, also not 
a significant difference, t < 1. When using the two paper-
based interfaces students’ solution times averaged 116.7 
seconds, compared with 134.3 seconds with the tablet-
based interfaces, a significant difference by paired t test, t = 
2.55 (df = 15), p < .015, one-tailed. In short, working on 
the tablet interfaces averaged 16% more time than solving 
the same problems on the paper-based interfaces. These 
findings were replicated when solution times were ana-
lyzed for problems not involving errors, and on log trans-
formed data. 
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Figure 2: Average total time to complete individual 
math solutions using different interfaces 

Correctness of Problem Solutions 
Overall, students working with paper and pencil averaged 
1.16 errors per condition on math problems, compared with 
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1.15 when using the digital stylus, 1.25 with the pen tablet, 
and 1.43 with the graphical tablet interface. These differ-
ences in average error rates are illustrated in Figure 3. They 
represent an overall drop in students’ percent correct math 
solutions from 70.9% and 71.3% when using pencil and 
paper and the digital stylus interface, to 68.8% and 64.4% 
with the pen and graphical tablet interfaces. 
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Figure 3: Average number of math errors per condi-
tion in different interfaces 

As shown in Figure 4, however, the high-performing stu-
dents’ errors changed relatively little in the different inter-
face conditions (.93 for pencil and paper, .71 for the pen-
based interfaces, and .59 for graphical tablet interface), 
although the low-performing students’ errors for the same 
conditions increased from 1.44, to 1.81, to 2.44. That is, at 
the same time that high performers shifted from 77% of 
math problems solved correctly with pencil and paper to 
82% and 85% when using pen-based and graphical inter-
faces, the low performers dropped from 64% with pencil 
and paper to 55% with pen-based interfaces, and then more 
sharply to 39% correct with a graphical tablet interface. 
An analysis of the difference in errors between pencil and 
paper and the mean of the three computer interfaces indi-
cated a significant divergence in errors between low- and 
high-performing students as a function of shifting from 
existing work practice to using any of the computer inter-
faces, independent t = 7.87 (df = 18), p < .001, one-tailed. 
The divergence in error rates between low and high per-
forming students was only marginally significant when 
shifting from pencil and paper to the pen-based interfaces, t 
= 1.69 (df = 18), p < .06 one-tailed. However, the differ-
ence in average errors between the pen-based interfaces 
and the graphical tablet interface represented a significant 
divergence between low- and high-performing students, 
independent t = 1.81 (df = 18), p < .045, one-tailed. In 
short, when the low-performing students shifted from pen-
cil and paper to using a pen-based interface or graphical 
tablet interface they made 25.7% and 69.4% more math 
errors, respectively, whereas in contrast the high-

performing students made 23.7% and 36.6% fewer errors in 
the same context.  
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Figure 4: Difference between low- and high-
performing students in math errors per condition as 
a function of pen-based (PP, DP) versus graphical 
tablet (GT) interfaces. 

As corroboration that the task difficulty levels used in this 
study resulted in effective increments in the degree of diffi-
culty experienced by students, analyses confirmed that the 
average number of errors increased from .88 per student 
per condition on the low difficulty problems, to .85 on the 
moderate ones, 1.29 on high difficulty, and 1.98 on very 
high difficulty problems. These differences in performance 
errors basically validated and anchored the difficulty lev-
els. Low-performing students also made uniformly more 
errors than high-performing students at all difficulty levels, 
independent t =6.54, df = 18, p < .001, one-tailed.  

Focus of Attention during Problem Solving 
Based on the think-aloud content collected as students 
worked, the total number of all such comments did not dif-
fer between interface conditions, paired ts < 1. Likewise, 
there was no significant difference in total think-aloud ut-
terances between low- and high-performing students, inde-
pendent t = 1.24 (df = 16), N.S. The total number of all 
math comments and low-level math comments also did not 
differ between interface conditions, paired ts < 1. However, 
as illustrated in Figure 5, the percent of students’ high-level 
math comments of the total declined to 8.9% in the graphi-
cal tablet interface condition, compared with 17.9% while 
using paper and pencil, 17.3% with the digital stylus inter-
face, and 14.8% with the pen tablet. These percentages did 
not differ significantly between paper and pencil, digital 
stylus, and pen tablet conditions, paired ts < 1, although 
high-level math comments when using the graphical tablet 
interface were significantly fewer than with either pencil 
and paper, paired t = 3.26 (df = 15), p < .0025 one-tailed, 
or the digital stylus interface, paired t = 1.75 (df = 15), p < 
.05 one-tailed, or the pen tablet interface, paired t = 3.20 
(df = 15), p < .003 one-tailed. This represented a substan-
tial 50.3% drop in high-level math comments by students 

 6



 

while solving problems in the graphical tablet interface 
condition, compared with such comments when using pen-
cil and paper. Low-performing students experienced a 
sharper drop (58.6%) in high-level math comments than 
did high-performing students (42%). Since the total num-
ber of think-aloud comments did not differ between inter-
faces, analyses based on ratios and total numbers repli-
cated. 
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Figure 5: Average percent of high-level math com-
ments of the total for low- and high-performing stu-
dents when using different interfaces 

Think-aloud comments about interfaces used, including 
negative interface comments, were evident in 94% and 
81% of the students, respectively. The frequency of both 
types of comment, which reflected distractions from stu-
dents’ ability to focus on solving their math problems, did 
not differ significantly between low- and high-performing 
students. However, interface-related comments increased 
from an average of .69 per session when using pencil and 
paper, to 1.38 with digital stylus and paper, to 2.94 with the 
pen tablet, and a high of 5.25 when using the graphical 
tablet interface. As shown in Figure 6, this represented 
1.5%, 3.0%, 5.8% and 10.7% of all think-aloud comments, 
respectively. 
There was no significant difference in students’ frequency 
of commenting about the interface between the digital sty-
lus and pencil and paper conditions, Wilcoxon Signed 
Ranks test, z = 1.47, N.S., or between the pen tablet and 
graphical tablet conditions, Wilcoxon Signed Ranks test, z 
< 1. However, the frequency of interface comments in-
creased significantly between the paper-based and tablet-
based interfaces, which averaged 1.03 and 4.09 comments 
per session (297% increase), Wilcoxon Signed Ranks test, 
z = 3.42, p < .0005, one-tailed. More specific comparisons 
also confirmed that UI comments were substantially higher 
in both the pen tablet interface and graphical tablet inter-
faces than when using paper and pencil, Wilcoxon Signed 
Ranks tests, z = 2.68, p < .0035 (one-tailed), and z = 2.84, 
p < .0025, (one-tailed), respectively. They also were higher 

in both the pen tablet and graphical tablet interfaces than 
when using the digital stylus and paper, Wilcoxon Signed 
Ranks tests, z = 2.51, p < .006 (one-tailed), and z = 2.60, p 
< .0045 (one-tailed). Compared with pencil and paper, in-
terface comments increased a substantial 326% when using 
the pen tablet, and 661% with the graphical tablet interface.      
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Figure 6: Average percent of interface comments 
and negative interface comments of the total when 
using different interfaces 

Negative interface comments averaged just .25, .38, and 
.50 during the pencil and paper, digital stylus, and pen tab-
let interfaces, respectively (0.6%, 0.8% and 1.0% of all 
think-aloud comments, as illustrated in Figure 6), but in-
creased to 2.94 (6.0%) when using the graphical tablet in-
terface. This represented a 1,076% increase over the nega-
tive comments that occurred when students used pencil and 
paper.  Wilcoxon Signed Ranks tests confirmed that the 
pencil and paper, digital stylus, and pen tablet conditions 
did not yield any significant differences in negative inter-
face comments, zs < 1. However, there were significantly 
more negative interface comments when students used the 
graphical tablet condition than with pencil and paper, Wil-
coxon Signed Ranks test, z = 2.38, p < .009, one-tailed, or 
when using the digital stylus interface, z = 2.53, p < .006, 
one-tailed, or with the pen tablet, z = 2.28, p < .015, one-
tailed.                                                                                                           

Memory for Problem Content 
The percentage of content that students recalled correctly 
from the math problems they just finished solving also var-
ied when using the different interfaces, as illustrated in 
Figure 7. There were no significant differences for students 
overall or for high-performing students in memory for 
math content as a function of the interface, but low-
performing students did differ in their ability to remember 
information depending on the interface they had used. 
Low-performing students did not differ significantly in 
their ability to remember math information after using pa-
per and pencil versus the digital stylus interface, Wilcoxon 
paired sign test, z < 1, N.S. However, they were signifi-
cantly less able to retain information when using the pen 
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tablet interface than paper and pencil, Wilcoxon paired 
sign test, z = 1.73, p < .045, one-tailed. They also were less 
able to retain math information when using the graphical 
tablet interface, compared with paper and pencil, Wilcoxon 
Signed Ranks test, z = 1.89, p < .03, one-tailed. When 
memory was examined separately for the two student sub-
groups, the high-performing students did not demonstrate 
any significant difference due to the interface, z < 1 N.S., 
but the low-performing students were significantly less 
able to retain information immediately after using the two 
tablet-based interfaces, compared with the paper-based 
interfaces, Wilcoxon Signed Ranks test, z = 2.07, p < .02, 
one-tailed. This represented a 12% drop in their memory 
for recently seen math content specifically after using the 
tablet interfaces. 
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Figure 7: Percent of items recalled correctly by low- 
and high-performing students in the paper- (PP, 
DP) versus tablet-based (PT, GT) interfaces 

Self-Reported Interface Preferences 
Students’ overall preference rankings were 1.93 and 1.85 
for paper and pencil and the pen tablet interface, respec-
tively, which was not a significant difference by Wilcoxon 
Signed Ranks test, z < 1, N.S. However, paper and pencil 
was more attractive to students than the digital stylus inter-
face (average rank 2.63), Wilcoxon Signed Ranks test, z = 
2.09, p < .02, one-tailed. It also was more attractive to stu-
dents than the graphical tablet interface (average rank 
3.60), Wilcoxon Signed Ranks test, z = 3.57, p < .001, one-
tailed. Likewise, the digital stylus interface was preferred 
over the graphical tablet interface, z = 2.86, p < .002, one-
tailed.  
Further analysis revealed that 100% of the high performers 
ranked the paper-based interfaces as preferred over the 
tablet interfaces if they had to take an AP exam and per-
form their best (Wilcoxon Signed Ranks test, z = 2.25, p < 
.015, one-tailed). In contrast, 62.5% of the low performers 
actually ranked the tablet-based interfaces as preferred over 
the paper interfaces in the same circumstance, a reversal 
illustrated in Table 2. A Wilcoxon Signed Ranks test con-
firmed that low-performing students did not have a similar 

preference for the paper interfaces over the tablet ones, z < 
1.  
In short, the data revealed a reversal in interface prefer-
ences between the student subgroups, which may have re-
flected different beliefs about how well they expected the 
paper versus tablet interfaces would support their math 
performance. This difference also revealed a performance-
preference paradox (illustrated in Table 2), which was that 
students with low math competence whose performance 
degraded most when using the tablet interfaces nonetheless 
preferred them, whereas high performers uniformly pre-
ferred the paper interfaces that best supported performance. 

 
Prefer 
Paper 

Prefer 
Tablet 

% Correct   
Paper 

% Correct 
Tablet 

Low Students 37.0% 63.0% 57.5% 50.0% 

High Students 100.0%  0.0% 82.5% 80.0% 
Table 2: Preference for the tablet (PT, GT) versus 
paper (PP, DP) interfaces (left), and math perform-
ance levels in these interfaces (right) for low- versus 
high-performing students 

When using the graphical tablet interface in which students 
had free choice to type or use pen input, 50% of students 
mixed text and pen input (e.g., using text for digits and 
formulas, pen for diagrams and labels). Another 37.5% 
only used pen input, and 12.5% only used text. Overall, 
37% of all input was text-based and 63% was pen input.  

When using pencil and paper, typical student comments 
included: “If I had to focus and do my best on an AP math 
test, I’d use paper and pencil.” “I’m most used to it, and it 
was the easiest, most efficient, and accurate.” When using 
the digital stylus interface they said: “It was closer to my 
normal process, so I was not distracted.” “I stayed focused, 
just like paper and pencil.” But also: “I’d like it better if it 
was a digital pencil I could erase.” Reactions to the pen 
tablet interface included: “It was a little distracting because 
it was so fascinating to play with.” “My writing looked 
funnier.” “It was cool. I could draw, erase and change 
things easily.” In contrast, students criticized the graphical 
tablet interface: “Sometimes clicking and choosing the 
right symbol was confusing and distracting. I was focusing 
on the computer, not the problem.” “I knew I could do it 
but it was just faster to write.” “It was not that helpful at 
solving problems. Okay for input though.” On the impor-
tance of pen input and diagramming for math, students 
said: “I’m a visual learner. I like to draw pictures to help 
me think clearly.” “I need visualizations to figure out the 
problems.”  

DISCUSSION 
For the same students completing the same math problems, 
performance was just as fast when using the digital stylus 
interface as paper and pencil (115.36 and 117.96 seconds), 
although working on the pen and graphical tablet interfaces 
averaged a significant 16% slower than the two paper-
based interfaces. With respect to solving their geometry 
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problems correctly, students also performed as well using 
the digital stylus interface as with paper and pencil, averag-
ing 71.3% and 70.9% correct solutions, respectively. In 
contrast, their performance dropped to 68.8% and 64.1% 
on the pen and graphical tablet interfaces. In short, of the 
three interface options explored, only the digital stylus and 
paper interface preserved students’ ability to complete 
work as quickly and accurately as existing pencil and paper 
work practice. 
However, the lower performing students’ ability to solve 
math problems correctly and to remember the problem con-
tent they had just worked on both were selectively dis-
rupted when using the tablet interfaces, but especially with 
the graphical tablet interface, as summarized in Figures 4 
and 7. Whereas high-performing students actually im-
proved slightly from 77% of problems solved correctly 
with pencil and paper, to 82% when using the pen-based 
interfaces and 85% with the graphical tablet interface, in 
contrast the low-performing students’ correct solutions 
dropped from 64% with pencil and paper, to 55% with the 
pen-based interfaces and more sharply to 39% with the 
graphical tablet interface. Parallel trends were revealed for 
students’ recall of problem content. The high-performing 
students correctly recalled 69.4% and 70.5% of math con-
tent they had just worked on after using the paper and tab-
let interfaces, and likewise low-performing students re-
called 69.3% of math content after using the paper-based 
interfaces. However, after working on the tablet interfaces 
the low-performing students only were able to recall 61.1% 
of the same information. In short, the low-performing stu-
dents incurred a handicap when using the pen and graphi-
cal tablet interfaces that high-performing students simply 
did not experience. With respect to the impact of introduc-
ing new technology, this substantial performance diver-
gence that was generated between low- and high-
performing student subgroups when using the tablet inter-
faces constituted a form of digital divide. 
Student think-aloud data yielded valuable insights into how 
their focus of attention and ability to work changed as a 
function of the different interfaces. The frequency of spon-
taneous comments about the interface, which revealed the 
extent to which students were distracted from focusing 
their attention on solving math problems, increased signifi-
cantly between the paper and tablet interfaces. Compared 
with existing pencil and paper work practice, interface 
comments increased a substantial 326% when using the 
pen tablet and 661% with the graphical tablet interface. 
However, as illustrated in Figure 6, negative interface 
comments only were significantly higher in the graphical 
tablet condition. In fact, compared with pencil and paper, 
negative comments about the interface increased a substan-
tial 1,076% while trying to solve math problems with the 
graphical tablet interface.  
As students became more distracted with the tablet-based 
interfaces, especially the graphical tablet interface, their 
high-level meta-cognitive math comments correspondingly 
declined, as illustrated in Figure 5. Although students’ low-

level procedural math comments were unaffected by the 
interface, their ability to think at a more abstract, strategic, 
and self-reflective level  about the process of solving math 
problems declined significantly when using the graphical 
tablet interface. Compared with paper and pencil, students’ 
high-level math comments decreased 50.3% when using 
the graphical tablet interface. These results are consistent 
with previous research indicating that writers’ high-level 
planning was reduced during computer-supported word 
processing compared with hardcopy composition, whereas 
their lower-level planning was not [8].  
The convergent pattern of results in this study indicates that 
Cognitive Load Theory provides a coherent and powerful 
basis for making quantitative rank-order predictions about 
user performance with different interfaces. As predicted by 
CLT, interfaces that depart more from familiar work prac-
tice generated greater extraneous cognitive load, such that 
performance became slower and less accurate. In addition, 
the lower-performing students with less well consolidated 
geometry expertise experienced more load than high-
performing students, which interacted with extraneous load 
generated by the interfaces to disrupt their problem solving 
and memory performance specifically while using the tab-
let interfaces. As predicted by Cognitive Load Theory, stu-
dent performance also declined as the intrinsic difficulty 
level of problems increased. In the future, it will be impor-
tant that new interfaces for education, mobile computing, 
and other areas be designed to minimize cognitive load so 
users can focus on the intrinsic difficulty of real-world 
tasks.  
Although the graphical tablet interface represented the 
state-of-the-art with respect to students’ current computer 
support and all were experienced GUI interface users, 
nonetheless this interface was consistently ranked the least 
preferred for supporting mathematics. In contrast, students 
rated the pen tablet interface as highly as pencil and paper, 
and the digital stylus interface was intermediate. Judging 
from students’ self-reports and their high frequency of 
negative interface comments, the graphical tablet interface 
was consistently disliked. When asked which interface they 
would use if they had to perform their best on an AP exam, 
100% of high-performing students said they would prefer 
the paper-based interfaces. However, a reversal occurred 
for low-performing students, 63% of whom said they 
would prefer using the tablet interfaces even though their 
performance actually was more poorly supported by them. 
This performance-preference paradox reflects weaker 
meta-cognitive skills in the lower-performing students, 
who clearly were less aware than high-performing students 
of the tools they needed to perform well [20]. The low-
performing students also may have been more vulnerable 
to the illusion that technology would compensate for their 
performance deficits, or perhaps make their work easier.  
Our society seems to have a very strong need to believe 
that our lives will be uniformly better with the introduction 
of technology, but that simple assumption clearly is faulty. 
As technology is increasingly introduced into classrooms, 
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one important implication of the present results is that 
lower-performing students may well not benefit equally or 
have intuitions that are as accurate as higher-performing 
students about how to make best use of their new computa-
tional tools. This underscores that introducing new inter-
faces into the educational system risks exacerbating pre-
existing performance differences between low- and high-
performing student groups, rather than closing the gap.  
Of the interface alternatives compared in the present work, 
the digital stylus and paper interface that most closely ap-
proximated existing work practice yielded better support 
for performance than either of the tablet interfaces, and it 
also contained the least extraneous complexity. Of the tab-
let interfaces, the pen tablet supported performance better 
than the graphical tablet interface, because pen input is so 
familiar to students and also supports the widest range of 
representational systems required for expressing math (e.g., 
including diagrammatic and symbolic information). Future 
work should pursue further prototyping and performance 
comparisons of pen-based interfaces, including testing with 
both recognition-based and transmission-based systems. 
Future research also could benefit from longitudinal fol-
low-ups of the present work, assessment of other skills 
such as learning and generalization, and investigation of 
other educational domains such as science. In the future, 
interfaces will be needed that can provide better support for 
extended problem solving in domains like math and science 
education, rather than mechanical tasks like word process-
ing.  
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