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ABSTRACT 
Data representations continue to be produced in predominantly 
visual forms within STEM disciplines. The disparity in access to 
these graphical representations between students who are blind or 
have low vision (BLV) and their sighted peers is exacerbated as the 
adoption of digital screens become more prevalent in educational 
settings. Standard accessibility solutions rely heavily on natural lan-
guage processing, e.g., screen readers, for non-visual information 
access. But can other non-visual modalities, like touch, be efec-
tive for learning graphical content rendered on touchscreens? To 
investigate this question, we conducted a user study with a multi-
modal touchscreen learning system to assess the efectiveness of 
two non-visual graphical presentation modalities: 1) a vibro-audio 
condition, which used the device’s embedded vibration motor plus 
an auditory content overview (a spatial and multimodal technique), 
and 2) a natural language condition that provided a complete de-
scription of the content (a cognitively mediated technique). BLV 
participants (N = 19) were presented with the learning system and 
asked to answer multiple-choice questions about three diferent 
graph types using both presentation modalities. Findings showed 
that the two presentation modalities were functionally equivalent 
for learning the graphical information presented, suggesting that 
for these stimuli, the presentation modality did not have a signif-
cant efect on participant graph learning accuracy. However, the 
type of graph being learned did have a reliable efect. Moreover, a 
majority of the participants stated a preference towards the natural 
language condition and, on average, learned graphs faster than 
with the vibro-audio condition. The similarity found between the 
two learning modalities is interpreted as supporting user learn-
ing preferences while providing redundancy in the information 
being communicated. This approach layers the various types of 
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information found in graphical representations (text, numerical, 
spatial) for individuals with accessible learning needs, providing 
more control, independence, and responsive tools to optimize their 
own educational materials. 
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1 INTRODUCTION 
The ability to access information through graphical charts, dia-
grams, graphs, and plots is a critical skill for success in science 
education, business transactions, and informed citizenship as it al-
lows for the communication of information quickly and efectively 
[18, 31, 68]. For sighted individuals, vision is used in an immediate 
and unconscious manner for understanding these data represen-
tations. For instance, a complex table can be transformed into a 
color-coded chart that summarizes business expenses into mean-
ingful categories that are accessed through vision to interpret a 
business’ expenditures. The skills used to interpret these data visu-
alizations, like the chart described, are developed starting in early 
elementary school curricula [13, 19] and reinforced throughout pri-
mary and secondary education [54]. Indeed, reliance on graphical 
content and numeric representations in the classroom is sharply 
increasing, with graphics found on almost every page in an evalua-
tion of 5-8 grade math textbooks [20] and another study estimating 
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1.3 fgures per page in high school biology texts [55]. This trend is 
extremely problematic for BLV learners, given the dearth of alterna-
tive modes of access to this information. The impact of inaccessible 
content, leading to an insufcient understanding of graphical infor-
mation, can have life-long consequences for the 7.5 million (2.5%) 
Americans who are blind or have low vision. It also has immediate 
detrimental impacts on the near 550,000 children with severe vision 
difculty under the age of 18 [65], many of whom are students in 
classes that rely on this inaccessible content. 

There are alternative avenues for BLV students to learn foun-
dational graphical concepts alongside their sighted peers. These 
include tactile graphics on embossed paper with Braille [54], indi-
vidual instruction from a support aid [56], and using a variety of 
other assistive technologies (see literature review below). While 
these methods have shown to be benefcial, they also have some 
signifcant challenges that limit their efcacy and implementation. 
Most notably, this includes being time intensive to produce readily 
available and accessible STEM (Science, Technology, Engineering, 
and Mathematics) graphical equivalents by highly specialized tran-
scriptionists. Estimates for transcribing a full course textbook are 
between 4 months and up to a full academic year, which is not 
practical when a student needs the textbook content immediately 
to keep pace with the rest of the class instruction [73]. It is also 
often prohibitively expensive for many small school districts to 
hire these transcription specialists, as converting printed STEM 
textbooks into an accessible Braille and tactile graphics format is 
hugely expensive. Although such numbers are hard to fnd, as tran-
scription services generally require a formal request to provide a 
quote, we have been informally told by multiple teachers of the 
visually impaired (TVIs) and school districts that these conversion 
costs can be up to $30,000 per book, which is in alignment with 
a 2017 news piece suggesting that converting only fve chapters 
of a science book may cost $15,000 [40]. Finally, the process does 
not promote students’ feelings of independent learning and agency 
[22, 24, 54] or full inclusion in the educational environment. 

As the digital age continues to produce vast amounts of data, high 
quality data visualizations have become the primary way to com-
municate data, identify trends, and summarize signifcant patterns 
[33]. The lack of accessible data science and graphical materials 
for BVI learners at all levels presents severe challenges for creating 
inclusive STEM courses [6, 42]. If BLV learners are not given the ap-
propriate tools to learn these valuable data science concepts, many 
of them may be discouraged to pursue STEM related careers. NSF 
STEM participation data does not break down science participation 
by disability type [8], however, providing equitable opportunities 
is only possible through designing accessible STEM training tools 
and learning materials to support future labor contexts and career 
training for people of all abilities and ages. Given the high levels 
of under/unemployment for BLV adults ages 18-64 (∼50%) [65], 
providing greater access to data focused training resources is a par-
ticularly pressing societal need for improving career opportunities 2.1 Natural Language Literature 
and earned income potential. Developing a low-cost multimodal 
diagram system to assist BLV students in engaging and interpreting 
data through graphical representations is one of the goals of this 
research. Furthermore, our research is motivated by personal learn-
ing environment frameworks [14] that are customizable, equitable, 
and further increase student success. 

The user study we describe in this paper evaluates the usability 
of two viable non-visual methods of accessing information from 
graphs presented through the multimodal diagram system devel-
oped for an earlier study [17] by nineteen BLV participants. The 
two methods used within this study are: Natural Language descrip-
tions (NL) and haptic presentation using vibration cues with an 
auditory overview of the graphic, called Vibro-Audio exploration 
(VA). The auditory overview serves as a quick summary to guide 
and orient the user to the graphic and improve their exploration be-
havior. Including this overview was informed by previous research 
that indicates the importance of contextual cues and overviews for 
efective active exploration [16, 32]. The VA condition allows for 
perceptual interaction through touch and may prove more accu-
rate for conveying the spatial information of the tested graphics 
[23]. The NL modality, which provides descriptions that are more 
cognitively mediated, is a more familiar approach owing to the 
prevalence of screen readers employing text-to-speech engines, but 
lacks direct spatial perception. The diagram system is built on an 
iOS-based smartphone, which is a platform well adopted by BLV 
users [27] and can be navigated non-visually with Apple Inc.’s na-
tive VoiceOver feature [4]. The development of the diagram system 
is beyond the scope of this paper and a full description can be found 
in Doore et al., 2023 [17]. Our focus in this study is on compar-
ing the efectiveness of the two non-visual graphical presentation 
modalities being tested. 

2 RELATED LITERATURE 
Inclusive educational environments are now the most common 
learning setting with over 80% of BLV students attending local pub-
lic schools and spending most of their time in inclusive lessons with 
their sighted peers [2, 29]. This move for inclusion is important 
but also presents signifcant challenges in school for BLV students 
who may not be able to fully participate in spontaneous whole 
class discussions and small group work centered around interpret-
ing inaccessible graphical information and making connections 
between the data and larger concepts. This means BLV students are 
missing out on important social, communication, and behavioral 
skill building that are a critical part of conceptual learning and 
the inclusive classroom experience [57, 67]. Limited availability 
of accessible materials can also put teachers in a situation where 
phrasing, structure, or terminology does not correspond with best 
pedagogical practices for teaching graphical concepts. This results 
in visual graphical information interpretation being difcult at best, 
and impossible at worst, leading to BLV students consistently falling 
behind standard grade level academic achievement [7, 61]. While 
there have been many approaches to bridging the gaps in accessible 
graphical content in the classroom, most of these solutions rely 
on a translation of the visual (i.e. spatial) information using either 
natural language descriptions or haptic renderings. 

The most notable piece of assistive technology that utilizes natural 
language processing is a screen reader. Screen readers work well 
to access digital text and can access the alt text on digital fgures, 
like on webpages, to make them available for consumption with-
out vision. A digital graphical rendering may be more conducive 
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for sharing information quickly and in a greater expanse, i.e., the 
internet, but it does not make it more accessible [32, 44]. With 
graphical content, screen readers are limited by the alt text that 
is provided; this text can be highly variable and may provide an 
insufcient description. A problem that is often encountered by 
BLV individuals is the absence of this critical alt text on digital 
content. In a recent 2022 paper, Jung et al. [30] found that of the 
nearly 7500 fgures submitted to two scientifc publications (CHI 
and ASSETS), only 40% of these fgures had accompanying alt text. 
A majority of these alt text descriptions more or less summarized 
the fgure’s information, but failed to provide the type of chart or 
graph it was describing. Take note that these poor numbers are the 
result of content that has been submitted to usability/accessibility-
related conferences. The general use and efective implementation 
of alt text within knowledge dissemination is inevitably worse for 
non-accessibility focused contexts. 

With this problem in mind, many researchers have looked toward 
developing systems, programs, and guidelines to automatically 
generate alt text or summaries [10, 21]. Most current approaches 
involve a combination of computer vision and natural-language 
processing methods of chart classifcation, text recognition and 
extraction, chart element decoding, and data extraction [1, 51] 
and the testing of these systems have focused on line graphs and 
bar charts [21]. In some cases, the system can take in the visual 
image and then generate structured descriptions based on chart 
type templates. In other cases, the chart images (bitmap, png, jpeg, 
etc.) are converted to dynamic representations that can interact 
with a screen reader, providing some level of choice of low-level 
(low detail) vs. fne-grained (high detail) information [10]. Low level 
descriptions convey the general structure and pertinent statistics 
within a graphic and in fne-grained level descriptions the individual 
values of the data may be presented along with notable trends and 
contextual knowledge relevant to the purpose of the graphic. A 
recently proposed four-level model for semantic content used in 
natural language descriptions of accessible graphs suggests using a 
framework for evaluating generative alt text systems for accessible 
content and the amount of fexibility in the type of information 
that the user can choose to have presented [39]. 

While many of these recent approaches for automated accessible 
descriptions ofer promising advances on the technical side of the 
problem, there is some concern that many of the current solutions 
do not include end-user input or hands-on experience from the 
target group of BLV individuals who rely on accessible images 
[11, 43]. This lack of inclusion in the design process may impact 
the quality and type of information that is needed to adequately 
interpret graphical fgures without the use of vision. For example, 
these descriptions often lose contextual and spatial information 
that may convey critical insights for creating an accurate mental 
model of the graphic necessary for subsequent interpretation and 
recreation (i.e., axes, legends, nesting of fgures, size, chart element 
confguration, and ordering). Our goal in this experiment is to in-
vestigate the efcacy of accessible NL descriptions that provide 
both high/low level detail within a structured description and also 
convey spatial information in the graph as well as the numerical 
data. The rationale for this focus on conveying spatial information 
is to create NL descriptions (cognitive processing) that are ideally 

situated to work together with other sensory channels in multi-
modal devices to create improved conceptualization of both the 
graph content and the graph context. There are many other sensory 
channels that might help to communicate graph information in a 
non-visual format, however, we turn to the use of haptics (percep-
tual processing) to convey graphical information, as we think this 
is the most promising and prevalent compared to NL descriptions. 

2.2 Haptic/Tactile Literature 
The teaching of graphical information is often focused on the visu-
alization of a dataset and the numeric representation’s organization 
and spatial structure (e.g., categories of a Venn diagram, clusters in 
a scatter plot, or comparing the total values in a series of bar charts) 
[37]. As spatial perception and reasoning can be efciently sup-
ported through touch, learning aids and assistive technologies that 
translate visual information into non-visual haptic/tactile informa-
tion using object attributes (e.g., vibrations, textures, points, edges, 
or holes) have been used extensively in a large body of research (for 
discussion, see [24, 34, 35]). Strategies for accessing information in-
clude: preliminary scanning and exploration, count organizing, and 
space partitioning to track elements by using one hand to indicate a 
partition and the other to explore the rest of the diagram. However, 
the use of touch requires more planning, working memory, and con-
centration than vision, so it is often a slower method and increases 
the cognitive processing load for BLV learners [3, 5, 41]. Therefore, 
graphical teaching using haptic/tactile learning materials need to 
be clearly structured to emphasize salient features representing 
the numerical and spatial content. Recent studies suggest that well-
designed haptic vibration representations are efective in accurately 
perceiving and following lines and graphs, graph shapes, and graph 
patterns [24, 25, 28, 48]. 

While there are other approaches for rendering tactile graphics, 
they require expensive specialized equipment to create force feed-
back or pin array interfaces [45]. In some cases, such systems have 
been used to provide combined tactile and audio access to graphical 
information such as charts, graphs, and maps [12, 36, 62, 70, 70]. 
There are also a number of mobile applications utilizing commer-
cially available smart devices such as a phone or tablet to augment 
the capabilities of traditional tactile graphics. These multimodal 
systems augment embossed tactile graphics by placing them on top 
of the tablet’s screen and adding supplemental auditory information 
to the tactile overlay [63, 66, 71]. 

Our study uses a mobile application, based on embedded haptics 
instead of overlays, to compare haptic representations (perceptual 
processing) using smartphone haptic engines along with a struc-
tured NL overview (cognitive processing) to better understand how 
layering multisensory information may help in the interpretation 
of graphical content and spatial context over NL descriptions alone. 

3 MULTIMODAL DIAGRAM SYSTEM 
There are many benefts of adopting a multimodal design approach 
over the unimodal UIs (NL or haptic) used in most accessible tech-
nologies. Multimodal interfaces (and their afordances) maximize 
the brain’s inherent ability for multisensory information process-
ing, have the greatest potential to support the most people across 
ability/disability, age, and learning style, and are most consistent 
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with how we actually experience and interpret the world through 
multiple channels of information (see [23, 64] for review). In other 
words, multimodal UIs represent an excellent inclusive design ap-
proach for all but are particularly important for BVI accessibility 
when learning graphically-oriented STEM content, as is studied 
here, which often combines semantic and spatial information in a 
single image [17]. 

The Multimodal Diagram System (MDS v 2.0) described in this 
paper, is an adaptation and extension of the touchscreen system 
developed by Giudice et al. [24], with the notable diference in 
OS platform, changing from an Android touchscreen tablet to an 
iOS touchscreen smartphone, as was initially done in a study with 
the MDS by Doore and colleagues [17]. This change in device was 
motivated by the large BLV user base (over 70%) that prefer Apple 
iOS devices [69] and the native accessibility features that come 
standard in all iOS devices. The use of this touchscreen technology 
leverages built-in haptic engine hardware (e.g., vibration motors) 
and afords portability, cost-efectiveness, and customizability. 

4 STUDY PURPOSE 
When developing new interfaces and systems, receiving feedback 
from stakeholders and potential users is a critical step in the it-
erative design process. Collecting information on the users’ per-
formances and their attitudes about the multimodal interface and 
non-visual graphical access methods helps to identify the next steps 
in the system development. This feedback can be analyzed for pos-
sible interactions between the type of graph experienced and the 
modality used to access the presented information. In this study, 
we explored the viability of two non-visual graphical presentation 
modalities with a group of participants with blindness and low 
vision who were recruited to help with the testing and feedback 
process. Using an Apple iPhone 12 Pro Max, we compared the efec-
tiveness of vibro-audio exploration to natural language descriptions 
when accessing three types of informational graphics (line graphs, 
pie charts, Venn diagrams). We chose these three types of graphs 
because they are some of the most frequent diagrams found in 
popular press, textbooks, and accessible diagram studies [32, 59]. 

Line graphs represent a series of data points connected by 
straight line segments and ordered points. The line can be either 
straight or curved depending on the data being presented. Line 
graphs are one of the simplest forms of representing quantitative 
data between two variables. They are often used to represent a 
trend in temporal data where the ordering of x-axis data are drawn 
chronologically. 

Pie charts are circular diagrams used to compare parts of the 
whole, dividing the whole circle into sectors that are equal in propor-
tion to the quantity represented. Studies have shown that propor-
tions in pie charts were judged more accurately than with several 
other basic diagram forms for simple evaluation of proportions 
and had a distinct advantage when more complicated part whole 
judgements were required [58, 60]. 

Venn Diagrams are simple closed curves drawn on a plane to 
represent basic relationships (similarities and diferences) between 
sets. They are classifed as a type of Euler diagram that has two 
or more data sets and emphasize explicitly the nesting between 

sets. They can be particularly helpful in investigating how individ-
uals arrive at an inference [53] and have been used extensively in 
previous research on strategies that individuals (both sighted and 
BLV) employ when solving reasoning problems about sets of data 
[52, 72]. 

In addition to these three types of graphs being commonplace, 
the communicated information and concepts between the graphs 
are unique and diferent from each other. For example, line graphs 
communicate data trends and data point comparisons, pie charts 
communicate proportionality and value estimation of regions, and 
Venn diagrams communicate the concept of set relationships. Im-
portantly, the skills needed to learn, interpret, and reason on these 
graphs are consistent and are not dependent on perceived complex-
ity. This is why we chose to design simple graphs for this study 
that can be used to clearly gauge the information access ability of 
the presentation modalities rather than using pre-made graphics 
from a STEM textbook. 

5 METHODS 

5.1 Participants 
Nineteen participants (7 female; 12 male; 19 - 69 years; SD = 14.63) 
were recruited from the 2022 NFB (National Federation of the 
Blind) annual convention and from The Carroll Center for the Blind 
(Boston, MA) through email and phone. Participants were all legally 
blind with vision ranging from no usable vision to light perception 
and minimal functional vision. It was noted that every participant 
had some previous experience with the graph types tested in the 
user study; many of them stating they learned these through school 
or work. A complete summary of participant demographics can 
be found in Table 1A in Appendix A. This study was accepted and 
approved by the Institutional Review Board at The University of 
Maine. 

5.2 Presentation Modalities and Stimuli 
The two presentation modalities used in the study were natural 
language descriptions (NL) and vibro-audio exploration with an 
auditory overview (VA). NL uses speech processing to describe the 
graph in its entirety to the user through the Voiceover feature in 
iOS. The description is activated with a single tap on the touch-
screen. The system then reads the description of the graph, starting 
with a more general overview (the same overview used in the VA 
condition) and then adds more detail, generally describing features 
left to right as they are visually rendered. The descriptions were 
developed based on several factors: 1) previous research informed 
by an analysis of graphic descriptions provided by secondary and 
post-secondary math instructors (i.e., experts) for learners who 
could not see the diagram [16]; 2) current models for descriptions 
of graphics that provide leveled information [32, 39]; and 3) ensur-
ing that the NL description mirrored the same type of information 
that was provided in the VA condition, as carefully matching the 
information between conditions is critical for valid multimodal 
comparisons [38]. For example, a Venn diagram in NL (Figure 1) 
would be described as: 

“This is a Venn diagram that uses three circles and two 
intersections to represent relationships among three 
sets of numbers. The circle on the left is labeled A and 
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Figure 1: A Venn diagram with three circles as it would appear 
on the iPhone during the user study. 

represents even numbers. The circle in the middle 
is labeled B and represents multiples of 3 that are 
less than 100. The circle on the right is labeled C and 
represents odd numbers.” 

This NL technique gives the user a complete description of the 
graph all at once (overview), similar to reading the alt text on well 
described graphics. It also provides the spatial confguration of 
the individual elements, their location in the screen space (on the 
left/right, in the middle), and the data associated with each element. 
The description also employs instructional language that is key to 
understanding the spatial and set relationships between the graph 
elements (intersections). In the Venn diagram described above, the 
intersection of circles A and B, as well as the intersection of circles 
B and C, represent the relationships of even multiples of 3 and odd 
multiples of 3, respectively. Although circle B on its own does not 
contain any numbers because all multiples of 3 are either even or 
odd, including this empty circle in the NL description is impor-
tant for forming the set relationships (intersections) with the other 
circles. The NL description could contain additional information 
(e.g., high contrast colors for individuals with residual vision), how-
ever, in order to test the efcacy of each condition in this study, 
the description needed to be limited to what all of the participants 
could perceive in the VA condition and nothing more. Appendix B 
contains the descriptions for all of the graphs used in the study. 

The VA utilizes vibration patterns and short natural language 
cues that are activated when a user’s fngertip reaches specifed 
regions on the touchscreen device. When the screen is tapped once, 
the system provides a brief natural language overview to provide 
context and help guide the user’s search behavior. As shown in 
Figure 2, an overview of the practice line graph used in the study 
would be, “This is a line graph with 5 data points and 4 segments.” 
When the user places their fnger on a point on the line graph, the 
system produces a unique pulsing vibration pattern (to convey a 
point rather than a line) and says the data point’s label and coordi-
nates (e.g., Point D; 10, 2). When the user moves to a line segment, 
the system tells the user which line segment they are on, such as, 
“line segment AB.” The user will continue to feel steady vibrations 
while they are on the line and cease to feel them when they are of 
the line, enabling them to trace the line segment to the next point. 
This VA technique leverages multimodal and spatial components to 
give users the ability to target specifc points of interest on a graph 

Figure 2: A line graph with fve data points as it would appear 
on the iPhone during the user study. 

and to quickly access and perceive the information, producing an 
interactive equivalent to traditional embossed tactile images with 
Braille labels. The cues used here were based on a recent set of 
design guidelines set forth for optimizing the presentation of vibro-
tactile graphical content [26, 46]. A complete list of descriptions 
for both presentation modalities for all three graph types can be 
found in Appendix B. 

Each participant experienced four graphs per graph type, thus 
experiencing a total of twelve graphs throughout the study. For 
each graph type, two graphs were used for the participant to prac-
tice with, one for each presentation modality (VA, NL). The other 
two graphs were used in the experimental condition, one for each 
modality. Only the graphs within the experimental conditions were 
used for the formal analysis (six total graphs, one for each modality 
and graph type combination). 

The questions presented to the participants targeted diferent 
facets of graph complexity to measure comprehension. The frst 
two questions were criterion questions used to assess general un-
derstanding of the presentation modalities and to ensure a common 
baseline for all participants before moving on to the more compli-
cated test questions. If either question was answered incorrectly, the 
application would instruct the participant to try and learn the graph 
again. The remaining four test questions were the only questions 
used in the subsequent analysis. Through pilot testing, we ensured 
that every question within the experiment could be answered with 
the information given to the participants through each modality. 
Each question was multiple choice, with four or fve answer options 
that the participant would navigate and select using the VoiceOver 
gestures described to them. Participants were allowed to move back 
and forth between a question and the graph (i.e., answers were not 
reliant on memory of the learned graph) but once an answer was 
submitted, they could not go back to that question. A complete list 
of questions can be found in Table 1C in Appendix C. 

5.3 Protocol 
A within-subjects design was employed for this study, which ex-
plored the two non-visual graphical presentation modalities, vibro-
tactile with auditory overview (VA) and natural language descrip-
tions (NL). The three graph types used were Venn diagrams, pie 
charts, and line graphs. All participants received the graphs in a 
fxed order (informed by pilot testing based on complexity): 1) Venn 
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diagrams; 2) pie charts; 3) line graphs. The experiment was coun-
terbalanced such that each modality was experienced frst by half 
of the participants (e.g. NL then VA, versus VA then NL). 

Each graph had six accompanying multiple-choice questions. 
The frst two questions were used as criterion questions while the 
remaining four questions were of increasing difculty based on the 
degree of interpretation and inference that was required to answer 
the question (refer to Appendix C). An Apple iPhone 12 Pro Max 
was used to facilitate the experiment; we developed a multimodal 
mobile application to display the graphs, initiate the non-visual 
graphical access method, and record participant question responses 
(stored on a secure server). Apple Inc.’s VoiceOver [4] was used to 
navigate the application. 

5.4 Procedure 
A single researcher proctored the study. Before starting, participants 
were asked to fll out a consent form, intake survey, and could 
ask questions about the study if they had any. Once complete, 
the researcher gave the participant control of the iPhone with 
the experimental app loaded, VoiceOver enabled for navigation, 
and began the experiment which took approximately 1 hour. All 
participants wore a Mindfold brand eye covering as a control for 
any potential impacts of residual vision between participants. 

Each participant began with a practice Venn diagram and used ei-
ther the vibro-audio or natural language modality to learn how the 
presentation modality worked with that graph type. After learning 
the presentation modality, addressing any questions, and complet-
ing the practice, the participant progressed to the experimental trial 
for that modality with a new, more complex Venn diagram. The 
experimental trial was completed once the participant correctly 
answered the two criterion questions and then the subsequent four 
test questions relating to the graph. The four test questions were 
randomized between participants and were not repeatable. 

After the frst experimental Venn diagram was completed, the 
participant learned how to use the remaining presentation modality 
with another practice Venn diagram. After the practice Venn dia-
gram, the participant would interpret a new Venn diagram similar 
in complexity to the experimental graph used with the frst modal-
ity and follow the same procedure as above; answering the two 
criterion questions, followed by the four experimental questions. 
This concluded the Venn diagram trial and the participant then 
repeated this process with the pie charts and the line graphs to 
complete the study. Following the study, the researcher uploaded 
the participant’s experimental data to the secure server, issued a 
post-study survey to collect qualitative feedback about their expe-
rience with the system, then compensated the participant for their 
time and input. 

There were two independent variables (IVs) in this study: IV1 = 
non-visual presentation modality (e.g., the NL condition vs. the VA 
condition), and IV2 = graph type (e.g., Venn diagrams, pie charts, 
and line graphs). There were 3 primary dependent variables (DVs) 
measured for the study: DV1 = accuracy in answering the test 
questions, DV2 = total time needed to complete an experimental 
graph, DV3 = user satisfaction with system performance, individual 
features, and efcacy; perception of difculty of tasks based on 
modality and graph type. A two-way repeated measures ANOVA 

based on an alpha of 0.05 was used to compare the within-subjects 
measures (accuracy and time) between each presentation modality 
and graph type. 

6 RESULTS 
Nineteen BLV participants participated in the study. However, only 
eighteen participants produced data that were usable in the sta-
tistical analysis as one participant did not pass a majority of the 
criterion questions. From the remaining eighteen participants who 
passed the criterion questions, fve participants needed a second 
attempt to submit a correct answer (one participant for a Venn 
diagram, one participant for a pie chart, and three participants for 
the line graph). A two-way repeated measures ANOVA was used 
to analyze the participants’ total accuracy based on discrete cor-
rectness of the multiple choice test questions for each presentation 
modality and graph type pairing (24 total questions). The average 
total accuracy for this group of participants across all modalities 
and graphs was 65.5% (SE = 5.14%). A breakdown of the following 
accuracy and timing results can be found in Table 1 below. 

6.1 Accuracy 
Within the vibro-audio condition, participants had an average accu-
racy of 63.89% (SE = 5.80) across all graph types. By graph, partici-
pants averaged 84.72% (SD = 21.39%) on Venn diagrams, 47.22% (SD 
= 30.78%) on pie charts, and 59.72% (SD = 36.52%) on line graphs; 
these mean accuracies for both conditions are shown visually in 
the bar graph, Figure 3. Within the natural language condition, 
participants scored, on average, 67.13% (SE = 4.97%) correct across 
all graphs. By graph, participants averaged 86.11% (SD = 21.39%) on 
Venn diagrams, 54.17% (SD = 24.63%) on pie charts, and 61.11% (SD 
= 35.59%) on line graphs. Although the natural language modality 
had a slightly higher numeric average than the vibro-audio modality 
(a diference of 3.24%), the ANOVA test did not reveal a statistically 
signifcant efect of presentation modality on participant accuracy 
(F(1,17) = 0.959, p = 0.341, �2 = 0.053). In fact, when comparing � 
the graphs between the two modalities, there were no signifcant 
diferences between any of the graphs as a function of presentation 
modality: Venn diagrams (F(1,17) = 0.106, p = 0.749, �2 = 0.006),� 

pie charts (F(1,17) = 2.033, p = 0.172, �2 = 0.107), or the line graphs � 

(F(1,17) = 0.027, p = 0.871, �2 = 0.002). There was, however, a sig-� 
nifcant main efect of graph type on participant accuracy (F(2,16) 
= 15.338, p < 0.001, �2 = 0.657). Put simply, the graph types in both � 
conditions showed similar participant accuracies when compared to 
their counterparts but the accuracies between the graphs, irrespec-
tive of presentation modality, were signifcantly diferent. This may 
be in part due to the participants’ familiarity and previous exposure 
with the three graph types or that some graphical concepts are 
more difcult to learn, regardless of the presentation modality used. 
In the post-study survey, all participants mentioned having prior 
experience with the graphs in the user study; ffteen participants 
experienced these within an academic setting and nine participants 
experienced these in their past or current occupations. In summary, 
results from the two presentation modalities tested demonstrated 
that both are comparable in accessing the graphical information 
and enabling the participants to answer the questions with similar 
accuracy. 
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Table 1: Reports of mean accuracy and time for Venn diagrams, pie charts, and line graphs with vibro-audio and natural 
language modalities 

Modality Measure Venn Diagram Pie Chart Line Graph Overall Mean 

Vibro-Audio 

Natural Language 

Accuracy 
Time (min:ss) 
Accuracy 
Time (min:ss) 

84.72% 
5:07 
86.11% 
4:37 

47.22% 
5:47 
54.17% 
5:30 

59.72% 
8:34 
61.11% 
7:05 

63.89% 
6:29 
67.13% 
5:44 

Figure 3: This is a clustered bar graph showing participant accuracy by graph and modality 

6.2 Timing 
Timing data were also collected to examine the speed at which 
the participants could learn the graphs and answer the associated 
questions. We were curious if the modality used to interpret the 
graphs would afect the participants’ learning time. In the vibro-
audio condition, the average time to complete a graph (given as 
minutes:seconds) was 6:29 (SE = 22.8s). By graph, participants av-
eraged 5:07 (SD = 1:47) on Venn diagrams, 5:47 (SD = 1:35) on pie 
charts, and 8:34 (SD = 3:50) on line graphs. In the natural language 
condition, the average time to complete a graph was 5:44 (SE = 
27.9s). By graph, participants averaged 4:37 (SD = 1:37) on Venn 
diagrams, 5:30 (SD = 2:56) on pie charts, and 7:05 (SD = 3:04) on line 
graphs; these results are shown visually in the bar graph, Figure 
4. From the collected timing data, it was found that modality had 
a signifcant main efect on participant completion time (F(1,17) 
= 4.986, p = 0.039, �2 = 0.227). Put simply, performance in the NL � 
modality demonstrated faster average completion time than in the 
VA modality. The type of graph also had a signifcant main efect 
on the participants’ time (F(2,16) = 7.21, p = 0.006, �2 = 0.474). This � 
means that the graphs, regardless of the modality used to learn 

them, had signifcantly diferent completion times among partic-
ipants. It is clear that Venn diagrams were the fastest, followed 
by pie charts, and then line graphs with the slowest times. These 
fndings may suggest that graphs that are more conceptually com-
plex, like the line graph, take participants longer to learn, interpret, 
and rationalize. Furthermore, using a mode of access that is more 
familiar (i.e., natural language) may explain the decreased average 
completion time of the participants. 

6.3 Post-Study Survey 
After participants completed the experiment, they were asked a 
series of questions on a 7-point Likert scale pertaining to the dif-
fculty of learning the three graphs with both modalities (1 = not 
difcult at all, 7 = extremely difcult). Figure 5 below displays the 
participants’ ratings within a clustered bar graph. For the vibro-
audio modality, participants rated Venn diagrams to be the easiest 
(M = 2.06, SD = 0.80), followed by pie charts (M = 4.17, SD = 1.47), 
and then line graphs (M = 5.44, SD = 1.58). For the natural language 
modality, participants had the same trend, rating Venn diagrams 
to be the easiest (M = 1.83, SD = 1.34), followed by pie charts (M = 
3.0, SD = 1.41), and then line graphs (M = 5.5, SD = 0.86). 



ASSETS ’23, October 22–25, 2023, New York, NY, USA Justin Brown et al. 

Figure 4: This is a clustered bar graph showing participant timing by graph type and modality 

The clarity of information provided by each presentation modal-
ity as well as the instructions on using the learning system were 
also rated by participants on a 7-point scale (1 = strongly disagree, 
7 = strongly agree). The clarity of the natural language modality (M 
= 6.06, SD = 1.00) obtained a stronger agreement amongst partici-
pants than the clarity of the vibro-audio modality (M = 4.83, SD = 
1.43). The instructions on how to use the learning system were very 
clear for participants (M = 6.44, SD = 0.86). With respect to partici-
pants’ overall preference for presentation modality, two-thirds of 
the participants (N =12) preferred the natural language modality 
over the vibro-audio modality. 

7 DISCUSSION 
This research was motivated by the development of a low-cost mul-
timodal diagram system for assisting BLV individuals in accessing 
and learning graphical content commonly used during educational 
and vocational instruction. This issue is of growing societal concern 
given the ubiquity of inaccessible graphical STEM content that ex-
ists at every level of education and workplace training. Our fndings 
comparing two non-visual graphical presentation modalities imple-
mented into our diagram system contribute to the growing body of 
literature investigating the efcacy of multimodal solutions for pro-
viding BLV individuals greater access to this information, thereby 
increasing opportunities and successful entry into the STEM work-
force. 

The similarity of fndings observed in our study (i.e. statistically 
insignifcant diferences on participant accuracy between the two 

presentation modalities) provide preliminary support that vibro-
audio and natural language techniques are able to support func-
tionally equivalent behavior when learning basic, yet commonly 
used, STEM graphs and diagrams. However, the type of graph ex-
perienced had a signifcant efect on the participants’ accuracy and 
learning time with both modalities. Although we asked partici-
pants about their prior experience with the three types of graphs 
after they concluded the study, our questions were not sufciently 
specifc to further analyze the impact of prior graph experience (or 
the modality used with previous exposure) on current performance. 
It is noteworthy that all nineteen participants stated that they had 
experience with these graphs, whether it was in primary, secondary, 
and post-secondary school or through their past or current occupa-
tions. Future studies will further probe this issue, as it will facilitate 
additional analyses about whether the best performers were those 
with the most experience with the tested graph types or how prior 
experience may have infuenced performance with a particular 
presentation modality. 

7.1 Natural Language Condition 
Despite the similarity in empirical performance, most participants 
(N = 12) preferred graphs conveyed through natural language. How-
ever, several participants (N = 5) said that they would like both 
presentation modalities as an option — supporting the benefts of a 
multimodal design ofering users the ability to change how informa-
tion was presented based on their preference. Utilizing the built-in 
features of the iPhone that run our learning system, it would not 
be a challenge to further develop the system to switch learning 
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Figure 5: This is a clustered bar graph showing participants reported difculty by graph type and modality. 1 = Not difcult at 
all and 7 = Extremely difcult 

methods with a designated gesture on the touchscreen. This would 
ultimately give the end user more control over the learning style 
that works best for them as a function of the information being 
consumed. Such fexibility in accessible content is missing in many 
assistive technologies but is actually very important as it provides 
a critical inclusive design focus on giving BLV users options for 
customizing and combining diferent content levels based on their 
individual needs and preferences rather than the designers default 
decisions. 

The NL descriptions used here were based on current guidelines 
for creating accessible diagrammatic information [9, 15, 32] and 
required substantial time for the researchers to curate. The NL 
descriptions started with a brief overview of the category of the 
diagram that was identical to the haptics NL overview. The full 
description was carefully designed to mirror the information that 
could be conveyed haptically. Ensuring this information-matched 
comparison is critical for evaluating the efcacy of these two non-
visual interface solutions [38]. Lunguard and Satyanarayan (2022) 
[39] have made the argument that natural language serves as both 
an interface to interpret diagrams as well as an interface to the 
actual data. There is certain semantic content that may be more ef-
ciently communicated with natural language (e.g., values, statistics, 
explanations) over other diagram information that is inherently 
spatial in nature (e.g., clusters, proportions, sets), which may be 
more easily understood through haptic channels [11, 50]. 

7.2 Vibro-Audio Condition 
The vibro-audio rendering was praised by participants for providing 
them rapid access to specifc information. However, some partici-
pants commented that this technique needed further development 
to increase its usability. This sentiment may be driven by lack of 
familiarity. NL information is commonly used (e.g., screen readers) 
while vibrotactile feedback to access information (graphical or oth-
erwise), as was used in this study, is a new interaction style. While 
many of our participants had experience with using traditional 
embossed tactile graphics, which are generally explored using two 
hands on hardcopy media, our experimental system is quite difer-
ent as it is based on touch-based vibrotactile cues explored using 
only one fnger. Multi-fnger and two-handed exploration of the 
graphs is not possible using this method because 1) the haptic ef-
fects are driven by one point of contact with the screen based on 
the single vibration motor in the device and 2) multi-fnger gestures 
are used to control the system interface behavior. Given the novelty 
of this interface, the results showing comparable learning accuracy 
performance to the natural language gold standard for graph acces-
sibility speak to the efcacy and future potential of this solution. We 
imagine that with more experience and time to become accustomed 
to the vibro-audio condition, its potential advantages for directly 
conveying spatial content may be more evident. 

In future studies, a tutorial could be implemented to introduce the 
vibro-audio interface and ensure that participants fully understood 
how this interaction style can be used to best extract information 
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and learn the structure of the graphs. We also feel that future 
studies would beneft from inclusion of a reconstruction task. This 
type of task best refects the accuracy of a participant’s mental 
representation built up from learning, as successful graph recreation 
requires accurate representation of spatial relations. It is possible 
that the spatial advantages of our VA interface vs a purely NL-
based interface may be more evident, especially when learning 
complex graphical content, when comparing performance on a 
graph recreation task. 

7.3 Limitations 
Each presentation modality, as it is currently implemented, has its 
own advantages and limitations that may serve or hinder a user’s 
success depending on their preference. Natural language uses a 
communication pathway that is familiar to participants and may be 
preferred for information extraction. However, the descriptions can 
be verbose and lengthy which can make it difcult to target specifc 
information without repetition, especially for complex graphical 
content. The NL descriptions are read in their entirety once acti-
vated and can be stopped at any time. However, once stopped, the 
description resets. If a piece of information is not understood by the 
user, they would (in the current system) need to replay the entire 
description. This can be frustrating, especially if the description 
takes a substantial amount of time to read and the user is trying to 
get to a specifc piece of the description. This was noted by multiple 
participants (N = 10) in the post study survey. It was suggested that 
the natural language descriptions should be separated by sentence, 
so that users could employ a gesture to skip through the description 
to reach the target information, e.g., swiping between functionally-
relevant description chunks. Further development will be needed 
to successfully implement this constructive feedback. 

Vibro-audio learning techniques provide direct access to spatial 
information but have limitations imposed by the current technol-
ogy. The relatively small size of the iPhone screen constrains the 
size and detail of the graphs that can be rendered within a single 
viewport. This was important, as we wanted the entire image to ft 
within one display. Besides screen size, this limitation is based on 
the perceptual resolution of vibrotactile stimuli, which has lower 
acuity than traditional embossed tactile stimuli. Palani and col-
leagues have conducted extensive usability and psychophysical 
work defning the appropriate parameters for vibrotactile render-
ing and found that using vibro-tactile stimuli on a touchscreen, 
as was done here, requires lines to be rendered with a minimum 
width of 4mm [46]. Thus, any use of this approach for multisensory 
renderings employing vibro-tactile stimuli, as we did here with 
the vibro-audio condition, must account for these factors when 
considering the display. An iOS device with a larger screen would, 
in theory, be the simplest option to increase the detail of the graphs 
without sacrifcing line width. Unfortunately, none of the larger 
form factor iPads to date have vibration motors. These limitations 
must be considered against the many benefts of using the iPhone, 
e.g., being incredibly portable, multisensory, and a platform that 
most BLV users already own. 

Note that rendering larger graphics beyond the viewport of 
current vibration-equipped phones is possible but would require 
using standard image manipulation techniques like panning and 

zooming. These are common spatial operations for visual image 
manipulations but not frequently used by BLV people in nonvisual 
context. However, there have been some promising techniques 
developed for performing non-visual panning and zooming with 
maps using a similar vibro-audio interface as was tested here [47, 
49]. Future research could extend these techniques to support other 
types of nonvisual and multisensory graphics, as were studied here. 
In the meantime, our eforts are focused on improving the system 
as it currently runs on the iPhone. 

8 CONCLUSION 
The user study elaborated in this paper examined the implementa-
tion of two graphical presentation modalities as part of a multimodal 
diagram system and compared their success at conveying graphical 
information to members of the BLV community. Venn diagrams, 
pie charts, and line graphs were used as stimuli to test the usability 
of the system and explore the efectiveness of two nonvisual inter-
action modalities as viable access solutions for common types of 
graphical content. It was found that both vibro-audio and natural 
language presentation modalities were equally viable for learning 
the graphical information presented. However, natural language 
was preferred by more of the participants and was slightly faster 
than using vibro-audio rendering. Given that exploration/learning 
using vibro-audio information was a new experience for most of 
the BLV participants, it is likely that with more practice this ap-
proach could serve as a viable general-purpose tool for tasks that 
require learning, interpreting, or representing complex graphical 
information, especially tasks involving the interpretation of spa-
tial concepts. These fndings also put an emphasis on designing 
multimodal systems that can be inclusive, adaptive, and support 
diferent users’ learning preferences. Based on our results showing 
overall success for accessing graphical content non-visually with 
the NL and VA approaches, we believe that employing multiple 
channels of access in future user interfaces will ultimately provide 
the best performance and support a greater audience than standard 
unimodal interfaces. This multimodal diagram system, leveraging 
two interaction modalities in one, low-cost platform, is but another 
example of a practical solution for replacing the time-exhaustive 
and expensive tactile graphics used as the standard in current BLV 
instruction. With further development of the system and refne-
ments to the interaction modalities, we predict that information 
accessibility, system usability, and graphical interpretation will sig-
nifcantly increase for inclusive STEM access in educational and 
vocational contexts. 
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APPENDIX 

A APPENDIX 

Table 1A: BLV participant demographics 

Participant ID # Sex Age Blindness and Residual Vision Avenue of Graph Exposure 

1 F 36 Total blindness Primary, secondary, and post-secondary school; 
social work 

2 F 52 Leber congenital amaurosis, no usable Primary, secondary, and post-secondary school 
vision 

3 M 62 Light/dark perception, low vision School and current occupation; investment 
4 F 40 Retinitis pigmentosa, no usable vision Prior to vision loss: school; after vision loss: 

current occupation 
5 M 67 Total blindness Past occupation in engineering 
6 M 48 Light/dark perception, no usable vision Past and current occupation 
7 F 69 Total blindness Past occupation; tactile graphics educator 
8 M 23 Total blindness Primary and secondary school 
9 M 36 Achromatopsia, low vision School and current occupation 
10 F 24 Retinoblastoma, total blindness Primary and secondary school 
11 M 23 Albinism, no usable vision Primary and secondary school 
12 F 43 Retinal detachment, no usable vision Current occupation 
13 F 33 Retinopathy, low vision Primary, secondary, and post-secondary school 
14 M 30 Total blindness Secondary and post-secondary school 
15 M 19 Total blindness Primary and secondary school 
16 M 31 Retinitis pigmentosa, low vision Primary and secondary school 
17 M 28 Light/dark perception School and past occupation 
18 M 31 Ocular hypertension, total blindness Secondary and post-secondary school 
19 M 47 Congenital nystagmus, low vision School and past occupation 
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B APPENDIX 
Table 1B: Venn diagrams used in the user study with NL and VA descriptions 

Venn Diagrams in User Study Natural Language Description Vibro-Audio Overview 

This is a Venn diagram that uses two circles and 
one intersection to represent two sets of 
numbers. The circle on the left is labeled X and 

This is a Venn diagram 
that uses two circles and 
one intersection to 

contains the numbers 1, 2, and 3. The circle on 
the right is labeled Y and contains the numbers 
3, 4, and 5. 

represent two sets of 
numbers. 

This is a Venn diagram that uses three circles 
and two intersections to represent relationships 
among three sets of numbers. The circle on the 
left is labeled P and represents even numbers. 
The circle in the middle is labeled Q and 
represents multiples of 5 that are less than 100. 
The circle on the right is labeled R and 
represents odd numbers. 

This is a Venn diagram 
that uses three circles 
and two intersections to 
represent relationships 
among three sets of 
numbers. 

This is a Venn diagram that uses three circles 
and two intersections to represent relationships 
among three sets of numbers. The circle on the 
left is labeled A and represents even numbers. 
The circle in the middle is labeled B and 
represents multiples of 3 that are less than 100. 
The circle on the right is labeled C and 
represents odd numbers. 

This is a Venn diagram 
that uses three circles 
and two intersections to 
represent relationships 
among three sets of 
numbers. 
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Table 2B: Pie Charts used in the user study with NL and VA descriptions 

Pie Charts in User Study Natural Language Description Vibro-Audio Overview 

This fgure is a pie graph with three regions labeled 
A, B, and C. Regions A, B, and C are all the same size. 

This fgure is a pie graph with three regions labeled 
A, B, and C. Region A is twice the size of region C, 
and region B is the same size as regions A and C 
together. 

A pie graph with three regions labeled A, B, and C. 
Region A is two and a half times the size of region C. 
Region C is twice the size of region B. 

This fgure is a pie graph 
with three regions labeled A, 
B, and C. 

This fgure is a pie graph 
with three regions labeled A, 
B, and C. 

This is a pie graph with three 
regions labeled A, B, and C. 
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Table 3B: Line graphs used in the user study with NL and VA descriptions 

Line Graphs in User Study Natural Language Description Vibro-Audio Overview 

This is a line graph with 5 data points and 4 
segments. The data points are labeled from 
left to right A through E. The vertical axis is 
ruled in one-unit increments from 0 to 8. The 
horizontal axis is ruled in one-unit 
increments from 0 to 14. In the graph, from 
left to right, the line begins at data point A at 
coordinate (2,2), then decreases to data point 
B at coordinate (6,1), sharply increases to data 
point C at coordinate (8,3), then decreases to 
data point D at coordinate (10,2) and sharply 
increases to data point E at coordinate (14,5). 

This is a line graph with 
5 data points and 4 
segments. 

This is a line graph with 9 data points and 8 
segments. The data points are labeled from 
left to right A through I. The vertical axis is 
ruled in one-unit increments from 0 to 8. The 
horizontal axis is ruled in one-unit 
increments from 0 to 18. In the graph, from 
left to right, the line begins at data point A at 
coordinate (1,7), steeply decreases to data 
point B at coordinate (3,1), sharply increases 
to data point C at coordinate (4,4), then 
decreases to data point D at coordinate (7,1) 
and is steady to data point E at coordinate 
(9,1). The line then steeply increases to data 
point F at coordinate (11, 4), then gently 
decreases to data point G at coordinate (13, 3) 
and more steeply decreases to data point H at 
coordinate (15, 1). The line fnally increases 
to data point I at coordinate (17,3). 

This is a line graph with 
9 data points and 8 
segments. 

This is a line graph with 9 data points and 8 
segments. The data points are labeled from 
left to right A through I. The vertical axis is 
ruled in one-unit increments from 0 to 8. The 
horizontal axis is ruled in one-unit 
increments from 0 to 18. In the graph, from 
left to right, the line begins at data point A at 
coordinate (1,1), steeply increases to data 
point B at coordinate (3,7), sharply decreases 
to data point C at coordinate (4,4), then 
increases to data point D at coordinate (7,7) 
and is steady to data point E at coordinate 
(9,7). The line then steeply decreases to data 
point F at coordinate (11, 4), then gently 
increases to data point G at coordinate (13, 5) 
and more steeply increases to data point H at 
coordinate (15, 7). The line fnally decreases 
to data point I at coordinate (17,5). 

This is a line graph with 
9 data points and 8 
segments. 
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C APPENDIX 
Table 1C: Graph questions answered by participants 

Graph Type 
Practice Venn Diagram 

Exp. Venn Diagram 1 

Question Type 
Criterion -
Criterion -
Criterion -
Criterion -
Test -

Question 
The number of circles represented in this diagram is. . . 
The number 5 belongs to. . . 
The number of circles represented in this diagram is. . . 
The number of intersections represented in this diagram is. . . 
The intersection of P and Q would contain which of the 

Correct Answer 
2 
Y only 
3 
2 
10, 20, 30 

Test -
following groups of numbers? 
Based on this Venn Diagram, the number 85 would belong 
to. . . 

The intersection 
of Q & R 

Test - Based on this Venn Diagram, the number 102 would belong P only 
to. . . 

Exp. Venn Diagram 2 
Test -
Criterion -
Criterion -
Test -

Which of the following numbers is in both P and R? 
The number of circles represented in this diagram is. . . 
The number of intersections represented in this diagram is. . . 
The intersection of A and B would contain which of the 

None 
3 
2 
24, 30, 36 

Test -
following groups of numbers? 
Based on this Venn Diagram, the number 81 would belong 
to. . . 

The intersection 
of B & C 

Test - Based on this Venn Diagram, the number 213 would belong C only 
to. . . 

Practice Pie Chart 

Exp. Pie Chart 1 

Test -
Criterion -
Criterion -

Criterion -
Criterion -
Test -
Test -

Which of the following numbers is in both A and C? 
How many regions are in the pie graph? 
Region A is. . . 

How many regions are in the pie graph? 
The regions are labeled using. . . 
Rank the regions from largest to smallest. 
What is the area of the largest region as a percent of the 
whole circle? 

None 
3 
The same size as 
region C 
3 
Letters 
B, A, C 
50% 

Test - What is approximately region A as a percent of the whole 
circle? 

33% 

Exp. Pie Chart 2 

Practice Line Graph 

Exp. Line Graph 1 

Test -

Criterion -
Criterion -
Test -
Test -

Test -

Test -
Criterion -
Criterion -
Criterion -
Criterion -
Test -

The smallest region is approximately what percent of the 
largest region? 
How many regions are in the pie graph? 
The regions are labeled using. . . 
Order the regions by size from largest to smallest. 
What is the approximate combined area of the smallest and 
largest regions as a percent of the total? 
What is the approximate combined area of regions B and C as 
a percent of the total? 
Region C is approximately what percent of Region A? 
How many line segments are plotted in the graph? 
What is the lowest point of the graph? 
How many data points are plotted in the graph? 
How many line segments are plotted in the graph? 
Which two data points represent the steepest decrease in 
value? 

33% 

3 
Letters 
A, C, B 
75% 

35% 

40% 
4 
B 
9 
8 
A to B 

Test - The distance between data points C and D decreases. . . More steeply than 
F to G 

Exp. Line Graph 2 

Test -
Test -
Criterion -
Criterion -
Test -

What is the highest point of the graph? 
The length of the horizontal segment is. . . 
How many data points are plotted in the graph? 
How many line segments are plotted in the graph? 
Which two data points represent the steepest increase in 
value? 

A 
2 units 
9 
8 
A to B 

Test - The distance between data points C and D increases. . . More steeply than 
F to G 

Test -
Test -

What is the lowest point of the graph? 
The length of the horizontal segment is. . . 

A 
2 units 
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