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ABSTRACT

Math is a subject that most students in K-12 participate in every
school day. This includes students with learning disabilities as they
are equally accountable to meeting general math curriculum
requirements. Project SMART provided digital versions of math
textbooks modified to include MathML for use by eighth grade
students with various learning disabilities. A goal of Project SMART
was to determine whether these accessible digital textbooks
improved student test performance as compared to control groups
using the same texts in print format with a traditional oral
accommodation. The study also examined the extent to which using
accessible math impacted student perceptions about math abilities.
Students and most teachers found the accessible digital textbooks
preferable to the print versions. This was generally reflected in
higher test scores as well as consistently positive responses from
qualitative measures obtained from ongoing student and teacher
surveys.

Categories and Subject Descriptors

K.4.2 [Computersand Society]: Socid |ssues— Assstive
technologies for persons with disabilities.

K.3.1 [Computers and Education]: Computer-assisted instruction
(CAI).

General Terms: Human Factors

Keywords: Accessibility, MathML, Print Disabilities, Math
Disabilities, Visual Impairments, Learning Disabilities, DAISY.

1. INTRODUCTION

It has been known for a long time that computer support for reading
is helpful to students with many different types of learning
disabilities (see Section 2). Prior to the SMART study, no one had
attempted to see if the same is true for reading mathematical content
on a computer. Given that most K-12 students take a mathematics
class every day, this poses a serious gap in our knowledge base
about the usefulness of electronic versions of textbooks and
supplemental materials used for teaching math.
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Students with disabilities tend to perform well behind their peers
without disabilities in math achievement. While the reasons for this
are not fully known, research has shown that students with learning
disabilities tend to lack the self-verbalization skills needed as the first
step toward understanding the meaning of math expressions.
However, since many of the common assistive technology reading
applications used over the last decade have been unable to render
math expressions aurally, the standard accommodation provided in
the classroom is for the teacher or other school personnel to act as a
human reader.

While the provision of a human reader is often regarded as providing
a basic level of access to the general curriculum, federal law such as
Section 504 of the Rehabilitation Act and Title II of the Americans
with Disabilities Act (ADA) may require the provision of technology
supports for reading when they are available. In the case of
postsecondary textbook access for blind students, the U.S.
Department of Education Office for Civil Rights has ruled that
simply providing ad hoc access to textbooks through the use of
assigned staff readers is not an acceptable practice when the amount
and complexity of content and immediacy heavily favors other
alternative methods [1]. At issue is not whether a student with a
disability is merely provided access, but the issue is rather the extent
to which the mode that the content is presented in is actually as
effective as that provided to others.

Over the last decade, the provision of accessible textbooks has seen a
shift from “books on tape” to electronic texts for use with a
computer as one of the most effective techniques for providing
access to textbook content. This has generally not been true for
higher level mathematics content, however, but the advent of
Mathematical Markup Language (MathML), and the accessibility
protocols to support it, has now made this possible. Now that this
capability has been firmly established, the opportunity to study the
effectiveness of computer support for reading math is available.

This paper reports results from the Project SMART (Supported Math
Accessibility Reading Tool) study. This study was conducted by the
University of Kentucky with 48 eighth grade students learning math
using Pearson’s Connected Mathematics 2 middle school math
curriculum. In particular, this project attempted to measure student
outcomes associated with providing accessible math content in the
classroom by using digital textbooks created according to the
National Instructional Materials Accessibility Standard (NIMAS) [3]
combined with the DAISY [21] MathML modular extension.

The results of this study revealed that providing mathematics
instructional content in this format did indeed have a positive impact
on student performance. Section 4 of this paper discusses both the
quantitative results of the study along with qualitative results from



surveys of participating students and teachers. Both showed positive
results for books with the greatest amounts of mathematical
expressions, but were more mixed when the number of expressions
were small relative to the amount of text.

2. Previous Work

Previous studies have focused on either electronic supports for
reading literary materials with no mathematical content or have
focused on comprehension of isolated mathematical expressions.
Project SMART examined a standard textbook modified so that both
the text and the math were fully accessible.

Previous research has shown that reading practice is essential to
improved reading proficiency and that software that provides text-to-
speech (TTS) provides such an opportunity [13, 24]. Poor readers
have difficulty in many subjects because of their inability to acquire
knowledge from reading standard textbooks [14, 15]. Mathematics is
no exception: Light and DeFries found that more than 60% of
students with learning disabilities exhibit significant disabilities in
mathematics [12]. Research has also shown that students with
language deficits react to math problems on the page as signals to do
something, rather than as meaningful sentences that need to be read
for understanding [6]. Computer-based readers have also been
shown to improve reading comprehension of literary materials by
dyslexic students [4]. Other studies have shown that as severity of a
learning disability increases, speech synthesis systems enhance
reading comprehension as less time has to be devoted to struggling
with decoding of words [11, 19]. Computer software that provides
synchronized visual and auditory presentation of text appears to be a
promising aide to people who have poor reading skills [5].
Synchronized highlighting of text is now common in Assistive
Technology (AT) designed for students with LD (e.g., Read&Write
Gold [23], Kurzweil 3000 [10]). However, synchronized
highlighting of mathematical expressions is still rare in AT.

The development of computer generated math speech began with
ASTER [18], a system by Raman that reads LaTeX documents.
ASTER uses prosodic cues (pauses plus changes to pitch, rate,
volume, and voice) among other parameters to speak. Raman did not
do experiments to test the efficacy of ASTER. Stevens et. al., [22]
developed a DOS-based system called MathTalk in the mid 1990s.
Experiments they performed using 24 sighted users showed that
prosodic cues increased the success rate for recognizing both the
structure and content of the expression. While it also reportedly
lowered frustration rates of users, error rates were still unacceptably
high—around 20%. Karshmer et. al.,, [2, 8] also did experiments
involving sighted readers and listeners. Among their conclusions was
that prosody was not effective for human speakers; tests were not
done with computerized speech. The resulting software, MathGenie
[9] does not use prosody.

All of the software projects mentioned above were self-contained
systems. Soiffer took a different approach with MathPlayer [20].
MathPlayer is designed to work within widely used software and in
conjunction with the user’s AT. MathPlayer allows for some
enlargement and visual highlighting during speech. MathPlayer’s
speech can use prosody if the AT can take advantage of it. Unlike
the other systems, MathPlayer’s speech style is not built in. It
currently supports both SimpleSpeak, a semi-natural speech style,
and MathSpeak [7], a speech style based on Nemeth Code [16]. A
modified version of SimpleSpeak was used for Project SMART.
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A verbal rendering of an audio expression is a linearization of
inherently non-linear notation. It does not allow for the same degree
of freedom to ‘“browse” the expression as does the visual
representation. Many of the systems mentioned here include
methods to interact with the rendering to gain back some of the
inherent two-dimensional structure and, therefore, facilitate grasp of
the expression’s structure and content.

There are many possible ways of navigating through a mathematical
expression. ASTER presents a tree view of the expression that
requires users to have a mental model of the tree that underlies the
expression. This approach means that only a few motion commands
are necessary such as “move to parent,” “move to first child,” and
“move to next sibling.” Most of the systems mentioned present some
similar notion of an expression tree, allowing tree-based navigation
and elision of detail.

MathTalk took a more visual approach. It developed a list of eight
actions (current, next, into, level, etc.) and 9 targets (expressions,
term, super, numerator, etc.), and movement was based on two key
combinations of these action-target pairs (e.g., “nt” meant move to
the next term). Use of the “current” command spoke the current
level, “abstracting away” expressions such as a fraction contained in
the current level (that is, instead of reading the fraction itself, it
would simply say “fraction”).

Although navigation is supported in many of the systems mentioned
in the previous section, it appears that only Stevens [22] conducted
experiments to see if it was useful. MathTalk explored the use of
non-vocal output such as musical tones to help blind users
understand the structure of an expression. Stevens reported a 73%
success rate at identifying structure using musical tones and felt that
redesign of some of the math-to-music mappings might eliminate
some of the common errors.

Karshmer, et. al, [2, 8] explored how people remember
mathematical expressions. Their experiments compared content,
structure, and overviews, and reading order. They concluded that
initial elision of content created difficulties, but that being able to
review structures and “bookmark” them for easy re-examination was
useful. They did not run tests on the software (MathGenie) they
eventually produced.

3. Project SMART Design

3.1 The Students

The SMART study was conducted over a period of two years, with
student participation divided into three stages. Stage 1 was an initial
pilot phase conducted as a paired study during the spring 2008
semester with control and intervention students at Conkwright and
Clark Middle Schools in Clark County, Kentucky. Stages 2 and 3
were paired study periods in which the control and intervention
groups changed places during the fall 2008 and spring 2009
semesters at Shelby East Middle School in Shelby County,
Kentucky. Although the aforementioned Clark Middle School also
participated during the final two stages of the study, the number of
students in this school was too small to include in the results
presented here.

A combined total of 48 different students participated in Project
SMART over the three study phases at the three participating
schools. Students were randomly assigned to either the control or
intervention group. Participants in this study were all eighth grade
students with some form of print disability.



Figure 1: Two student participants in Project SMART

Primarily these were students with learning disabilities, but also
included were students with mild cognitive disabilities, students with
“other health impairments” such as Attention Deficit Hyperactivity
Disorder, and students with other disabilities who had an Individual
Educational Program (IEP) requiring a reading accommodation.
The study was approved by an IRB and all the teachers, students,
and parents provided their consent to be part of the study.

3.2 The Technology

The core technology approach of Project SMART was to deliver 8™
grade mathematics content in an accessible digital format that could
be read by students with print disabilities by using their standard AT.
In order to make math content accessible, this study focused on
using electronic content represented as XHTML+MathML. MathML
captures the structure of the expression, not just the visual layout.
MathML was designed to be accessible and is used by DAISY and
NIMAS'.

One of the goals of Project SMART from a technology perspective
was to take advantage of digital math content without having to train
students how to use a totally new assistive technology. The idea was
that students would be best served by utilizing the same text reader
technology they commonly used, rather than using an unfamiliar
separate application that could only be used with math content. Since
Read & Write Gold (RWG) from Texthelp, Inc., had been adopted
by a majority of school districts in Kentucky as the standard text-
reading assistive technology for students with non-visual print
disabilities, using this application was the obvious choice for this
study. RWG software interfaces with MathPlayer to provide a
textual string to speak for the math and to highlight what is being
spoken. This makes the way that the math is read much like the way
RWG reads text.

The students in the two districts in the study used the Connected
Mathematics Program 2 by Pearson Education, Inc. Pearson
converted the book from a PDF file into an XML file format in
compliance with federal NIMAS provisions. The point of this
process was for the publisher to prepare an electronic file just as they

' At this time, MathML is optional in NIMAS. However, an
amendment to NIMAS is moving through the regulatory process
that mandates the use of MathML for math[17].
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would for source files now commonly being prepared in compliance
with NIMAS for submission to the National Instructional Materials
Access Center (NIMAC). Additional work was needed to encode the
math as MathML instead of as images. The resulting
NIMAS+MathML file was then run through the CAST NIMAS
Conversion Tool—a freely available application that was modified
early in the project to work with MathML content in NIMAS XML
source files. The output of this process generated a set of
XHTML+MathML files, complete with all of the illustrations in
associated image file formats. These collections of files were then
copied onto CD-ROMs (one CD per textbook unit) which were then
used by the intervention students in Project SMART.

The participating students were then assigned laptop PCs in math
class and provided with individual ear bud headphones. Each laptop
was running Windows XP Service Pack 2 and Internet Explorer 6. A
development version of the MathPlayer add-on for Internet Explorer
was loaded onto each laptop. Students used Read & Write Gold v8.1
Mobile as their assistive technology.

3.3 The Textbook

Pearson’s Connected Mathematics 2 Program curriculum was
initially developed as an outcome of the Connected Mathematics
Project led by Michigan State University with funding from the
National Science Foundation. The entire 3-year series for grades 6-8
includes 24 units, equally spaced as a series of 8 units per each
school year. Each unit is a separate booklet.

Although a total of seven unit booklets were converted as part of
Project SMART, only four of these units were actually used by
enough students for a sufficient period of time to include in the
analysis of pre/post test scores. These four units are described in
Table 1.

Through an inadvertent error in one of the publisher’s conversion
processes, Looking for Pythagoras was improperly formatted and all
of the MathML content was stripped from the student CDs. So,
although all of the literary text in this title was accessible to students
via RWG, the students only heard and saw stray numbers and letters
which were passed through in the conversion process.

As is further described in the next section, each unit booklet included
varying amounts of math expressions with a range of complexity.
Some titles also included much more graphical content than others,
such as diagrams, graphs and geometric objects, though Project
SMART was not designed to consider aspects of graphical
information accessibility. The graphical content was tagged with
minimal alternative text (e.g., “table” or “line graph”) that provided
only minimal information to the students. The main thrust of Project
SMART was measuring the benefit of accessible mathematical

Table 1: Connected Math units used
Unit Title

Principal Objective

Say it with Symbols Understanding mathematical

symbols used in algebra

Looking for Pythagoras Understanding the Pythagorean

Theorem

Filling & Wrapping Understanding area and volume

measurement

Samples and Populations | Understanding data collection and

statistical analysis




»> (O~
NEE

Help #

N . = n ;
G Back - () \ﬂ \E‘] __l\J 7 ! Search \;\? Favarites 43 T g [ —J

7

&l

3 Problem 3.4 Solving Quadratic Equations
File  Edit

Wiew  Favortes  Tools

=

Page 44

Did You Know?

You can find the solutions to many quadratic equations using tables or graphs. Sometines, however, these methods will give only appromimate answers. For
example, the solutions to the equation x2-2=0 arex= J2 andx=-.2 Using a table or graph, you otly get an apprommation for J2

Tou can try a factoring method, but the probabdity of readily factoning any quadratic expression ar’+bx+c ,where ¢ , &, and ¢ are real munbers is stall

We know that the Greeks used a geometric method to solve quadratic equations arcund 300 B.C. Mathematicians from India probably had methods for solving
these equations around 300 B.C., but their methods refnain unknown,

For years, mathematicians tried to find a general solution to ar’+bx+c=0.Inabook published in 1591, Frangois Vitte was the first person to develop a
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formula for finding the roots of a quadratic equation. Ttis called the guadratic formuia and is given below.

This formula can be used for any quadratic equation. You will learn more about this formula in later mathematics courses
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Figure 2: Read & Write Gold tool bar & sample page from Say it with Symbols by Pearson Education

notation rendered via MathML, so no attempt was made to improve
the accessibility of the graphics.

4. The Results

The research agenda for Project SMART centered on three primary
questions:

1. Does the MathPlayer technology coupled with text reader AT
result in accurate rendering of math content sufficient to meet the
access needs of students with print disabilities?

2. Does the provision of accessible math in a digital environment
improve students’ math performance?

3. Does the provision of accessible math in a digital environment
affect student perception about their individual capabilities to use
and understand math concepts?

To answer these questions, both qualitative and quantitative data
was collected during each of the three stages. For qualitative
purposes, surveys were designed pertaining to each of the research
questions. These surveys were then conducted individually with
students and teachers at the midpoint and end of each of the three
semesters. Quantitative data was collected thru pre and post tests
administered on each of the math units to students in both control
and intervention groups. Overall, SMART findings showed that all
three questions were answered in the affirmative. A detailed
discussion of results for each question is included below.
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4.1 Did the AT meet student’s needs?

In Project SMART, one fundamental question was whether students
with print disabilities would find speech access to mathematics
content sufficiently accurate to meet their access needs. This
question was qualitative in nature, and input was gathered from
surveys of teachers, students, and the Project SMART math expert
from the University of Kentucky. Analysis and aggregation of
survey responses concluded that math content was being spoken
accurately and that with some enhancements the rendering of math
expressions through synthetic speech sufficiently met the access
needs of students with non-visual print disabilities.

The adjustments required were in MathPlayer’s speech rules to
allow pronunciations which were more tailored to the needs of the
Project SMART students who were all sighted, as opposed to the
original settings which were designed for students who are blind.
One very useful feature of using MathML is that the way
mathematical information is spoken by speech technologies can be
modified globally by changing the speech rules in the software.
Thus, one can choose from a number of possible ways to verbalize a
math expression. The flexibility here is very wide. For instance, the
speech rules could be set to say either minus, subtract, take away, or
some other appropriate phrase when a minus sign is encountered
without having to modify the content itself. The software can also
decide how much information about the expression is verbalized.



For students who are blind, it is essential to indicate the start/end of
some notations. For example, it is important to distinguish between

x"+1 and x"*', but these extra words are not needed and may even
be confusing to a student who is sighted.

In Project SMART, the study began with an off-the-shelf version of
MathPlayer, which included a standard set of speech rules designed
with a blind user in mind. Teachers and students alike found some
aspects of these rules to be bothersome, because so much of the
expression was being verbalized. Since all of the students in the
study were sighted, both teachers and students found the extra
speech cues—like announcing a capital letter, or announcing the
beginning and ending of a fraction—to be distracting to sighted
students who primarily had learning and attention disorders.

For the study’s second year, the project worked with Design Science
to utilize a new version of MathPlayer then in development which
provided the ability to customize speech rules. With input from
teachers and the project math consultant, these rules were modified
to more closely match the manner in which teachers typically
verbalized expressions when writing them on the board or reading
them to the class from the textbook. After changing to the new
speech rules in the second year more students indicated on surveys
that the computer read the expressions and numbers in a way that
“sounds right.”

4.2 Is Performance Improved?

Project SMART was designed to look at both quantitative and
qualitative measures of potential positive impact on students’ math
learning. One of the project’s quantitative measures was to track
student performance on unit tests. The study compared pre and post
unit test scores for students who were using the digital versions, and
compared those scores with pre and post unit test scores for control
students who were using the standard print textbooks. For the control
group, school staff assisted the students with reading
accommodation support upon request. Although some variation was
noted by unit title, test score analysis revealed that student
performance improved in most instances when complex math
materials were delivered using MathML.

Table 2 shows the percentage change in test scores relative to the
control group. The percentages in the “Difference of Intervention vs.
Control” columns represent the difference in each group’s average
scores from pre-test to post-test. For instance, the +14%
improvement for the intervention students shown in the Say It with
Symbols row for CW-S08 is the difference between the average of
19% improvement in scores from pre to post on this unit for
intervention students (N=6) and the average of 5% improvement in
scores for the control students (N=6). The boxes with no data (-)
means the unit listed was not being covered during that particular
semester.

The small number of students, variations in the amount of time they
spent on the material while using their computer, and variation
between groups preclude a substantive statistical analysis of the
numbers. Nonetheless, as the table shows, students using the digital
versions containing MathML outperformed control students using
standard print textbooks on the majority of unit tests administered
over the duration of the study. One intriguing aspect of this data is
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that the title containing the most algebra and the most MathML
expressions (Say It With Symbols) exhibited the most consistent
improvement in pre/post test scores for intervention students using
the digital version in comparison to control students using the print
version. This increased performance was found across all study
phases and at all study locations. On the other hand, the title
containing very little MathML and very low notational complexity
(Samples and Populations) showed mixed results. Although the
reason for this was unclear, it may be the fact that this title included a
substantial amount of inaccessible tables, charts and other graphical
illustrations but very little notation. The negative results for Looking

for Pythagoras are possibly due to the error in the conversion

process, which may have ended up confusing the students.

4.3 How is perception of abilities affected?

On Project SMART surveys, the vast majority of students (96%)
responded that they preferred using accessible digital versions of
math textbooks instead of the paper copies. Student perceptions of
individual capabilities were also positively affected as seen in
survey responses where students reportedly thought they had done
better on math tests and made better grades as a result of using
their computers to access math content. Various teachers remarked
on surveys that having math content in a form that can be read by
assistive technology eliminated barriers in decoding so students
could focus more on content and get on to a higher level of
application and reasoning. Furthermore, multiple teachers
commented that having accessible digital math content enabled
greater learning independence by students with print disabilities by
providing individual opportunities for re-reading and preview/review
of classroom material. It was also reported as allowing teachers to
spend less time helping students read the material, thus enabling
them to devote more of their time to classroom instruction.

A few other highlights of student and teacher responses to qualitative
survey questions about using AT for accessing the curriculum are
included below:

® 90% of the teachers reported that the computer read math to the
students better than the students could read it by themselves.

® 96% of the students surveyed preferred reading math on computer
instead of on paper.

e 100% of teachers reported that the way the words and symbols
light up and read out loud at the same time helped students read
their math; while 79% of students said the same thing.

® 80% of students reported that when they have their math text on
computer it is easier for them to read their math materials.

o 74% of students reported that reading their math text on computer
made it easier to complete their math problems.

® 69% of students reported that reading math on computer
improved their understanding of math

® 60% of students reported that reading their math textbook on the
computer helped them do better on math tests, even though the
tests themselves were not accessible.



Table 2: Performance change relative to controls

Book Title Notational MathML Difference Intervention vs. Control®
. o 2
Complexity | Density CW-S08 CK-S08 SE-F08 SE-S09
N change| N change| N change| N change
Say it With High 10.95 Difference +14% +16% +8% - —
Symbols Intervention 6 19% 3 23%| 13 32%
Control 6 5% 3 7% 8 24%
Filling & Low 0.86 Difference +16% - — - — - —
Wrapping Intervention 6 25%
Control 6 9%
Samples and | Very Low 0.35 Difference 3% +10% - — 5%
Populations Intervention 5 9% 3 9% 8 22%
Control 5 12% 3 1% 13 27%
Looking for ~ |Medium 0.00* Difference| — — - — - — -22%
Pythagoras Intervention 8 9%
Control 13 31%

4.3.1 Student Comments
A few of the open ended comments from students are below:

e “Can’t concentrate when reading it by myself and computer helps
me to concentrate”

“Helps me to go over and over it until it finally gets in my head”
o “Lot easier to do the problems and get through it a lot quicker”

e “When I read it I think of something different but the computer
shows me how to read it right”

e “When I am doing math with parenthesis, it shows me how to do
the math problems and equations”

o “Now I can do it myself”
4.3.2 Teacher Comments

Overall, teachers were supportive of students using digital math
content. A few of the benefits which teachers mentioned are below:

o “I like that the students are independent—saves teacher time for
more important interaction than just reading”

e “Less embarrassing—they don’t have to feel bad about not being
able to read at same pace as other students”

o “Students get exposure to right way to say things—it’s consistent
every time”

o “Their listening vocabulary is higher than their reading level”

e “Hearing it read correctly so students don’t get caught up in
decoding”

2 MathML density is the average number of MathML expressions
per instructional page (excludes glossary, index, preface, etc.).

> CW-S08 is Conkwright Middle School, Spring 2008 semester;
CK-S08 is Clark Middle School, Spring 2008 semester; SE-FO8
is Shelby East Middle School, Fall 2008 semester; SE-S09 is
Shelby East Middle School, Spring 2009 semester.

4 As noted in the text, MathML for this booklet was inadvertently
omitted from the copies given to the students.

144

e “When adults can’t always be there the
student being bogged down and waiting.”

computer is better than

As with any group of teachers, however, there will be varying
degrees of agreement on incorporating new technology in a
classroom setting. For instance, some teachers expressed concern
that students using a computer in a regular classroom environment
was disruptive and had the potential of taking attention away from
his/her class instruction. Some examples of concerns cited by
teachers were as follows:

o “Sometimes students miss out on what the teacher is saying”

“Even if it’s reading, I don’t necessarily know if they are
understanding it”

“Computer can’t explain it like the teacher can”

“Occasions where human tone of voice may be better to help
students understand”

5. Limitations of the Study

Although results from Project SMART provide strong evidence that
the provision of accessible math can positively impact student
learning, it was not possible to show statistical significance from an
analysis of student scores gathered as part of this project. While it
was hoped that many more students would be available for
participation in the project, various unanticipated factors ultimately
limited the number of student subjects. The use of only unit tests but
no standardized assessment of math performance further restricted
the ability to draw conclusions at generally recognized confidence
levels. Nonetheless, the totality of student outcomes—consistent
improvements in student performance when using high-density
MathML titles and substantive qualitative evidence—provides
important and encouraging data on the use of accessible mathematics
in instructional content.

Education research conducted in a real learning environment may
yield a more accurate assessment of an intervention’s capability to
positively impact student performance, but it also brings along
significant hurdles. Issues such as classroom distractions, schedule
disruptions, technical difficulties, as well as factors outside the
school all complicate data gathering and study integrity. Project



SMART was not immune to these issues. A few of the most notable
problems included the following:

e Schedule disruptions due to snow days were common, including
numerous successive days out due to a massive ice storm in
January of 2009. Additionally, numerous school-wide events and
statewide testing interrupted the study timeline.

e Technology issues tended to cause continuing study delays. Due to
the configuration of school information technology infrastructure,
student laptops had to be connected to the network for them to
work properly, but often the student laptops proved to be
inconsistent in getting or staying connected to the schools’ wireless
network which caused unpredictable results, often frustrating
students and teachers. Other problems included issues with laptop
batteries not being charged in time for class, and automatic
software updating processes which on occasion would render
laptops unusable when needed.

Classroom instruction sometimes afforded little time for student
interaction with textbook content. Some days would see no use of
textbook content, and even when the textbook was being used,
laptop startup times and getting the book loaded limited the
amount of opportunity for utilization of digital content in the
classroom. Some teachers regarded student use of laptops in the
regular classroom as disruptive to the instructional environment
and preferred that the technology be used during study time
outside of the classroom. Further, some students indicated that
using digital content in general education settings made them
appear different from other students and this was a disincentive for
them to use the technology at times. It was found though that this
negative student perception of use could be ameliorated by how
positively the teacher introduced it to all students.

Some of these limitations will diminish as digital textbooks and
computers become commonly used in all classes and by all students,
not just the few that need AT support.

6. Conclusions & Future Work

Section 4 shows positive results from this first-ever study on
accessible digital math textbooks in the classroom: students and
teachers liked using the digital versions of their textbooks; students’
scores tended to be higher using the digital textbooks; and students
felt greater independence (“Now I can do it myself”). These positive
results occurred despite the fact that only the textbooks were
accessible. In practice the frequency and amount of time devoted to
use of textbook content in the classroom depended upon the unit
topic and the instructional style of the teacher. During some class
periods the textbook was used sparingly. Future studies should make
the entire math curriculum (supplementary materials, content created
by teachers, homework sheets, and unit tests) accessible
electronically to better measure the importance of accessible math. It
was noted by students as well as teachers during interviews that the
unit assessments were not available electronically.

Section 5 pointed out a number of the problems that arose from the
classroom environment such as IT issues; batteries not being
charged; and sporadic outages that meant laptops needed to be
rebooted during usage of the text. Hopefully, these issues will fade
as computers become more common in the classroom.

The study did identify some areas for further investigation and or
development. One improvement involved navigating to specific
pages. At times, students needed to refer to their printed textbooks
because the teacher referenced the lesson by page number. Although
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page numbers were part of the digital textbook, the books were
divided into sections, not pages, and this made finding a given page
number more difficult. A fix to the CAST converter has already been
made to allow direct access by page number.

A more difficult problem to fix is adding flexibility so that students
can selectively read a discrete part of a math expression. Expressions
can be conceptually complicated and rereading parts of them such as
the numerator of a fraction can aid in their understanding.
MathPlayer currently lacks the ability to selectively navigate
equations when used with RWG, although this navigation is
supported by MathPlayer with some other AT. Section 2 discussed
the work of others with navigation of math, but testing to see if that
navigation is helpful has been very limited. In informal experiments
with untrained people using an experimental version of MathPlayer,
people were not able to discover navigation except via arrow keys
(which moved by “word”). Finding a navigation scheme that is
simple to understand for people with various disabilities remains a
challenge. However, for students with LD, a simpler solution is to
read from the point of a click onward or just read a selection and this
fits well with how AT such as RWG works.

A much harder problem is making the math assessments accessible.
A fully accessible assessment requires both accessible reading and
accessible writing of math. An accessible math editor (one that
speaks and highlights) is not available at this time.

Project SMART was designed to evaluate the effect of accessible
math expressions. It did not look at making tables, charts, plots,
graphs, and other types of images more accessible. In the texts used,
the image density® ranged from a low around 0.3 to high around 1.9.
To our knowledge, no studies have been done that show how
effective it would be to make the images in textbooks accessible for
students with LD.

No 8th grade students with limited vision or who were blind were
available in the participating schools at the time of the study.
Therefore, it is not known how effective accessible textbooks and
supplementary materials would be for this population although it
seems likely they would be very helpful.

Project SMART represents an important first step in gathering
scientifically-based research data on the use of accessible digital
mathematics in the classroom. Many of the Project SMART
personnel are part of a new multi-site national research center: the
Mathematics eText Research Center (MeTRC). MeTRC is based at
the University of Oregon's Center for Advanced Technology in
Education (CATE). This center is supported by funding from the
U.S. Department of Education (CFDA No. 84.327H). The MeTRC
study will go much further than Project SMART by implementing
accessible math content for the entire math curriculum, including
supplementary and teacher generated math materials. Doing so will
provide the capability to study the myriad of factors that influence
accessible math instruction in a live learning environment. It is hoped
that by making all mathematical materials accessible to students
everywhere (classroom, resource room, home), better methods of

> Image density is similar to MathML density. It is the average
number of instructional images (charts, plots, graphs) per
instructional page (excludes glossary, index, preface, etc.).
Pictures, such as the one in Figure 2, are not included in image
density calculations.



leveling the playing ground in mathematics education will be
discovered.

7. ACKNOWLEDGMENTS

Much of the work reported here was done by others. Preston Lewis
(University of Kentucky) and Dr. Debra Bauder (University of
Louisville) were Co-PIs for Project SMART. Steve Noble
(University of Louisville), Debbie Sharon (Bluegrass Technology
Center), Leslie Moore (RA) and Dr. Paul Eakin (University of
Kentucky) played key roles in the grant. Classroom research for
Project SMART took place in Clark County Schools and Shelby
County Schools in Kentucky. The assistance and cooperation of the
teachers and staff was integral to getting results. The help of three
key vendors is also gratefully acknowledged: Texthelp Inc.,
(Read&Write Gold), Design Science, Inc (MathPlayer), and Pearson
Education (Connected Math Program 2 textbook series).

Project SMART was funded through a U.S. Department of
Education Steppingstones grant (CFDA 84.327A).

8. REFERENCES
[1] “Docket Number: 09-97-2145.RES,” Office of Civil Rights,
Region IX, 1998.

P. Barraza, D. J. Gillan, A. Karshmer, and S. Pazuchanics, “A
Cognitive Analysis of Equation Reading Applied to the
Development of Assistive Technology for Visually-Impaired
Students,” presented at Human Factors and Ergonomics Society
48th Annual Meeting, Santa Monica, CA, 2004.

Center for Applied Special Technology, “NIMAS Technical
Specification”, 2005, http://nimas.cast.org/about/proposal/spec-
vl 1.html

J. Elkind, “Using Computer-Based Readers to Improve
Reading Comprehension of Students with Dyslexia,” Annals of’
Dyslexia, vol. 43, pp. 238-59, 1993.

J. Elkind, M. S. Black, and C. Murray, “Computer-based
compensation of adult reading disabilities,” Annals of Dyslexia,
vol. 46, pp. 159-186, 1996.

K. Garnett, “Math Learning Disabilities”, 1998,
http://www.ldonline.org/article/5896.

gh, “MathSpeak”, 2004-2006, www.gh-mathspeak.com/.

A. Karshmer and D. Gillan, “How well can we read equations
to blind mathematics students: some answers from
psychology,” Universal Access in HCI - Inclusive Design in the
Information Society, vol. 4, pp. 1290-1294, 2003.

A. L. Karshmer, C. Bledsoe, and P. Stanley, “The Architecture
of a Comprehensive Equation Browser for the Print Impaired,”
presented at Proceedings of the 2005 IEEE Symposium on
Visual Languages and Human-Centric Computing, 2005.

(2]

(3]

146

[10] Kurzweil Educational Systems, “Kurzweil 3000 - Solutions for
Struggling Readers”,
http://www.kurzweiledu.com/kurz3000.aspx.

[11] A. Lewis, “Reflections on interviewing children and young
people as a method of inquiry in exploring their perspectives on
inclusion,” Journal of Research in Special Educational Needs,
vol. 1,2001.

[12] J. G. Light and J. C. DeFries, “Comorbidity of Reading and
Mathematics Disabilities: Genetic and Environmental
Etiologies.,” vol. 28, pp. 96-106, 1995.

[13] L Lundberg, “The computer as a tool for remediation in the
special education of reading disabled students: A theory-based
approach,” Learning Disability Quarterly, vol. 18, pp. 89-100,
1995.

[14] M. M. M. Mazzocco and G. F. Myers, “Complexities in

Identifying and Defining Mathematics Learning Disability in
the Primary School-Age Years.,” vol. 53, pp. 218-53, 2003.

[15] J. Montali and L. Lewandowski, “Bimodal Reading: Benefits
of a Talking Computer for Average and Less Skilled Readers.,”
vol. 29, pp. 271-79, 1996.

[16] A. Nemeth, The Nemeth Braille Code for Mathematics and
Science Notation, 1972 Revision ed. Frankfort: American
Printing House for the Blind, 1972.

[17] NIMAS Board, “NIMAS Board Voting and Consensus”, 2009,
http://nimas.cast.org/center/board/voting.

[18] T. V. Raman, Audio System for Technical Readings: Cornell
University, 1994.

[19] M. H. Raskind and E. L. Higgins, “The effects of speech
synthesis on proofreading efficiency of postsecondary students
with learning disabilities,” Learning Disabilities Quarterly, vol.
18, pp. 141-158, 1995.

[20] N. Soiffer, “MathPlayer V2.1: Web-based Math
Accessibility,” presented at Proceedings of the 9th international
ACM SIGACCESS conference on Computers and
accessibility, Phoenix, AZ, 2007.

[21] N. Soiffer and K. Kahl, “Specification for a Digital Talking
Book Modular Extension for Mathematics”, 2007,
www.daisy.org/projects/mathml/mathml-in-daisy-spec.html.

[22] R. D. Stevens, A. D. N. Edwards, and P. A. Harling, “Access to
mathematics for visually disabled students through multi-modal
interaction,” Human-Computer Interaction (Special issue on
Multimodal Interfaces), pp. 47-92, 1997.

[23] TextHELP!, “Read& Write Gold”, www.texthelp.com.

[24] J. K. Torgesen and T. A. Barker, “Computers as Aids in the
Prevention and Remediation of Reading Disabilities.,” vol. 18,
pp. 76-87, 1995.


http://nimas.cast.org/about/proposal/spec-v1_1.html�
http://nimas.cast.org/about/proposal/spec-v1_1.html�
http://www.ldonline.org/article/5896�
http://www.gh-mathspeak.com/�
http://www.kurzweiledu.com/kurz3000.aspx�
http://nimas.cast.org/center/board/voting�
http://www.daisy.org/projects/mathml/mathml-in-daisy-spec.html�
http://www.texthelp.com/�

	Math is a subject that most students in K-12 participate in every school day. This includes students with learning disabilities as they are equally accountable to meeting general math curriculum requirements. Project SMART provided digital versions of math textbooks modified to include MathML for use by eighth grade students with various learning disabilities. A goal of Project SMART was to determine whether these accessible digital textbooks improved student test performance as compared to control groups using the same texts in print format with a traditional oral accommodation. The study also examined the extent to which using accessible math impacted student perceptions about math abilities. Students and most teachers found the accessible digital textbooks preferable to the print versions. This was generally reflected in higher test scores as well as consistently positive responses from qualitative measures obtained from ongoing student and teacher surveys.
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