Benthic: Perceptually Congruent Structures for
Accessible Charts and Diagrams

Catherine Mei" Josh Pollock” Daniel Hajas
meic1212@mit.edu jopo@mit.edu dh256@mit.edu
MIT CSAIL MIT CSAIL MIT CSAIL

Cambridge, MA, USA

Jonathan Zong
jzong@mit.edu
MIT CSAIL
Cambridge, MA, USA

ABSTRACT

Graphical representations — such as charts and diagrams —have a
visual structure that communicates the relationship between visual
elements. For instance, we might consider two elements to be con-
nected when there is a line or arrow between them, or for there
to be a part-to-whole relationship when one element is contained
within the other. Yet, existing screen reader solutions rarely surface
this structure for blind and low-vision readers. Recent approaches
explore hierarchical trees or adjacency graphs, but these structures
capture only parts of the visual structure — containment or direct
connections, respectively. In response, we present Benthic, a sys-
tem that supports perceptually congruent screen reader structures,
which align screen reader navigation with a graphic’s visual struc-
ture. Benthic models graphical representations as hypergraphs: a
relaxed tree structure that allows a single hyperedge to connect a
parent to a set of children nodes. In doing so, Benthic is able to
capture both hierarchical and adjacent visual relationships in a
manner that is domain-agnostic and enables fluid (i.e., concise and
reversible) traversal. To evaluate Benthic, we conducted a study
with 15 blind participants who were asked to explore two kinds of
graphical representations that have previously been studied with
sighted readers. We find that Benthic’s perceptual congruence en-
abled flexible, goal-driven exploration and supported participants
in building a clear understanding of each diagram’s structure.

CCS CONCEPTS

« Human-centered computing — Visualization systems and
tools; Accessibility systems and tools.

KEYWORDS
Diagramming, Visualization, Accessibility, Screen Reader, Relations

ACM Reference Format:
Catherine Mei, Josh Pollock, Daniel Hajas, Jonathan Zong, and Arvind Satya-
narayan. 2025. Benthic: Perceptually Congruent Structures for Accessible

*Authors contributed equally to this research.

This work is licensed under a Creative Commons Attribution 4.0 International License.
ASSETS °25, October 26—29, 2025, Denver, CO, USA

© 2025 Copyright held by the owner/author(s).

ACM ISBN 979-8-4007-0676-9/2025/10

https://doi.org/10.1145/3663547.3746342

Cambridge, MA, USA

Cambridge, MA, USA

Arvind Satyanarayan
arvindsatya@mit.edu
MIT CSAIL
Cambridge, MA, USA

Charts and Diagrams. In The 27th International ACM SIGACCESS Conference
on Computers and Accessibility (ASSETS 25), October 26-29, 2025, Denver, CO,
USA. ACM, New York, NY, USA, 17 pages. https://doi.org/10.1145/3663547.
3746342

1 INTRODUCTION

Graphical representations (charts, infographics, diagrams, math-
ematical formulae, etc.) are more than just a collection of shapes,
symbols, and text. Rather, they make judicious use of visual struc-
tures known as Gestalt grouping principles [2, 35] to convey rela-
tionships between visual elements. For instance, consider a stacked
bar chart such as the one shown in Figure 1a —in an image filled
with visual structure, the uniform spacing between the bars in-
dicates four distinct categories of data; the aligned colors for the
bar segments depict an additional cross-cutting category; and the
proximity of the textual annotations to the bars and bar segments
conveys an association that we read as labeling. Similarly, consider
a diagram of an aspirin molecule as shown in Figure 1b — the linear
connections reflect single- or double-bonds between atoms in the
molecule while the circles enclose functional groups which are, once
again, labeled through spatially proximal textual annotations.
While sighted audiences can access this visual structure to read,
understand, and interpret a graphical representation, these same
structural cues are typically inaccessible to blind and low-vision
(BLV) readers. Alt text (short for alternative text) can provide a
useful high-level overview of the information in a graphic; but,
without access to a graphic’s underlying structure, it is more dif-
ficult for BLV people to interpret the visualized information for
themselves. Recent efforts such as Olli [3], Chart Reader [33], and
Data Navigator [10] have begun to explore how to make this struc-
ture accessible to screen readers. All three systems primarily target
data visualizations, with Olli and Chart Reader using tree structures
to represent visualized data while Data Navigator uses node-link
graphs. While these approaches are meaningful improvements over
unstructured textual descriptions, they capture only part of the
structural logic present in graphical representations: tree structures
reflect hierarchical relationships but make it difficult to express
cross-cutting associations such as labels and annotations; on the
other hand, graph structures better capture these adjacent relation-
ships but can’t represent information hierarchies in a consistent
way. But, as we saw with our examples in Figure 1, graphical repre-
sentations make extensive use of both kinds of relationships, and
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carboxylic acid

(b) A structural diagram of an aspirin molecule
with its two functional groups. Sourced from Sorge
et al. [30].

Figure 1: Two graphical representations illustrating visual groupings and spatial structure.

being able to traverse them — independently and jointly — is crucial
to developing a robust, high fidelity understanding of the informa-
tion the graphic conveys. For instance, with the chemical molecule,
a BLV reader is likely to want to traverse the adjacencies of the
atomic bonds while also drilling into and out of the hierarchies of
the functional groups.

To address this gap, we introduce Benthic, a screen reader system
that provides BLV people affordances for reading and interpreting
the structure of graphical representations that are commensurate
to those sighted readers regularly use. To provide these affordances,
we aim to design perceptually congruent screen reader structures
that parallel the structures of the graphics they represent (Section 4).
For instance, if graphical elements are visually grouped (e.g., ex-
plicitly with connecting lines, through aligned colors such as the
segments of the stacked bar chart, or through spatial clustering
or enclosure as in the chemical molecule) then the screen reader
output should preserve that grouping in both content and naviga-
tional flow. Perceptually congruent structures have two additional
desirable properties. First, they are domain-agnostic: many aspects
of visual structure (such as proximity, alignment, and containment)
apply across a broad range of graphical domains including charts,
diagrams, notations, and maps. By targeting these cross-cutting
visual groupings, Benthic builds a foundation for supporting many
different domains with a shared navigation interface. Second, per-
ceptually congruent structures facilitate fluid traversal — akin to
how sighted readers can quickly shift their attention to different
parts of a graphic [4, 18], Benthic is designed to allow BLV readers
to rapidly switch between groups and easily reverse their actions.

Benthic achieves perceptual congruence with two components:
a hypergraph that encodes the visual structure of a graphical rep-
resentation (Section 5.1), and a screen reader interface that renders
the hypergraph as interactive text descriptions (Section 5.2). Hy-
pergraphs generalize both trees and graphs. They consist of nodes
connected by hyperedges. Unlike a tree, where each node must have
a single parent, hypergraph nodes can have any number of parents.

Unlike a graph edge, which must connect exactly two nodes, a hy-
peredge connects a set of nodes. This flexibility allows hyperedges
to express both hierarchical and adjacent relationships: in Benthic’s
hypergraph, each hyperedge connects a parent to a set of children
nodes that are considered adjacent.

Benthic’s screen reader interface allows BLV users to traverse
hypergraphs by moving laterally across adjacent nodes, into child
nodes, or up to parent nodes. This interaction model supports navi-
gation through both hierarchical and adjacent relationships, mirror-
ing the structure of the original graphic. We designed this interface
over a six-month iterative co-design process with our co-author
Daniel Hajas, a blind researcher who has both lived and professional
experience with designing assistive technologies for diagrammatic
communication. This process helped reveal that a key complexity
with designing for Benthic’s hypergraph is that nodes may have
multiple parents; thus, during upward traversal, the interface needs
to present all available parent contexts and let users choose a path.
This design involved trade-offs between traversal fluidity and struc-
tural clarity, which we discuss in Section 5.2.4.

To evaluate Benthic, we conducted a user study with 15 blind par-
ticipants who explored structured graphical representations using
our system (Section 6). Participants completed tasks with pulley di-
agrams and bar charts adapted from prior studies on diagrammatic
reasoning and graphical perception. In the final condition, we repli-
cated an experiment by Boger & Franconeri which tested whether
differences in Gestalt groupings affected sighted readers’ abilities
to identify surprising data relationships [4]. We found that Benthic
enabled flexible, goal-driven exploration and supported participants
in building a clear understanding of the diagram’s structure, with
participants more likely to detect data anomalies when the group-
ing structure aligned with their interpretive strategies — mirroring
the effects observed in sighted users.
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2 RELATED WORK

A wide body of research has explored how to make graphical rep-
resentations accessible to BLV readers. Benthic draws from prior
approaches to structured navigation of graphical representations,
and applies ideas about spatial relations developed in visual and
tactile graphics to its screen reader interface.

2.1 Structured Access to Graphical
Representations

A growing body of literature suggests that screen reader users
benefit from structured representations of charts and diagrams that
offer navigation through multiple descriptions. Studies have shown
that BLV readers share information-seeking goals with sighted
readers of graphical representations: they typically want to acquire
an initial overview followed by details [27], akin to the information-
seeking mantra of “overview first, zoom and filter, and details on
demand” [28]. Conventional alt text is typically a static summary,
without any ability to focus on specific aspects of a graphic or
control information granularity. As a result, it does not provide
sufficient affordances to support this exploratory reading process.
While some libraries have added accessibility features for graphical
representations like maps and diagrams [19, 21], they are typically
limited to tagging existing graphic elements with ARIA labels. The
result is that users are limited to linear navigation between labels
in a pre-set order.

In response, recent research systems have developed structured
textual interfaces for accessible visualization that support multiple
ways for users to navigate [38]. These systems can be grouped
into two main categories: tree-based and graph-based. A primary
example of a tree-based system is Olli [3], which enables users
to read summary information at the root of the tree structure,
and traverse deeper into branches to acquire details-on-demand
about different parts of a chart. This type of system has become
popular for data visualization [14, 31, 33, 39], but is limited to
statistical graphics — it is less amenable to maps or diagrams. In
contrast, an example of a graph-based system is Data Navigator [10],
which enables users to flexibly navigate across visual elements
on a chart using connections between nodes and edges. Beyond
data visualization, researchers have developed navigational systems
targeted to domain-specific diagrams like chemical molecules [29,
30], but there is a lack of more general accessible interfaces for
diagramming.

Though these existing approaches improve upon static alt text
and simple approaches to tagging graphics, they force creators of
accessible graphical representations into a tradeoff. Trees support
hierarchy but not adjacency (e.g., shared labels or linked elements),
whereas graphs capture adjacency but lack hierarchy (e.g. con-
tainment relationships). Benthic introduces a unified hypergraph
representation that captures both hierarchies and adjacencies, with
support for cross-cutting groupings. The resultant navigational
structures support information-seeking for users by enabling navi-
gation that corresponds to the visual structure of a graphic, while
affording more control over exploration and information granular-
ity. Because Benthic is not limited to domain-specific diagrams, it
supports consistent, flexible exploration across a wider variety of
graphical representations.
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2.2 Spatial and Relational Access to Graphical
Representations

Graphical representations such as diagrams, charts, and schematics
communicate structure not only through explicit elements, but also
through spatial layout and perceptual grouping. Gestalt principles—
such as proximity, similarity, and enclosure—enable sighted users
to quickly infer relationships among elements [2, 35]. These visual
strategies support diagrammatic reasoning by reducing cognitive
load and revealing meaningful groupings [18]. Cheng’s studies
of pulley diagrams [7] further illustrate how spatially organized
representations outperform text in supporting inference.

Indeed, Gestalt principles are also essential in design for BLV
readers [5, 11]: Gallace and Spence [13] demonstrate that tactile
graphics rely on proximity and enclosure for structure recognition.
Tactile graphics specialists have long emphasized that diagram
comprehension in tactile form requires careful attention to spatial
separation, grouping, and simplification [25]. Unlike visual per-
ception, which supports holistic recognition, tactile exploration is
sequential—building understanding part-by-part. As a result, tactile
graphics often rely on principles such as spatial layering, consistent
texture use, and logical segmentation to convey relationships and
hierarchy. These insights echo those found in mid-air haptics, where
dynamic tactile cues support spatial grouping and recognition [15].

The spatial organization provided by graphics is also valuable
to BLV readers when delivered through description. Guidelines for
describing interactive scientific graphics to BLV readers recommend
using spatial descriptors—such as “left to right,” “top to bottom,” or
“clockwise from the top”—or other references to a known location
[38] to help users mentally reconstruct the layout of a chart or
diagram [17], consistent with findings on BLV spatial awareness
[8, 20, 37]. These spatial anchors provide reference points that
reduce cognitive load and support orientation, particularly when
users cannot perceive the graphic holistically.

Unfortunately, few screen reader systems explicitly encode or
expose such spatial and relational structures in navigable form. Ben-
thic addresses this gap by structurally encoding both adjacency and
hierarchy, which could be augmented in future work with spatial
metadata to enable similar orientation cues across modalities.

3 USAGE SCENARIO

To demonstrate how Benthic enables BLV users to explore struc-
tured graphical representations, we walk through a scenario in
which a screen reader user named Marina navigates the stacked
bar chart from Figure 1 (sourced from Highcharts)!. The chart de-
picts the number of trophies won by four football teams, Arsenal,
Chelsea, Liverpool, and Manchester United, across three contests.
Figure 2 depicts Marina’s sequence of steps, which we reference
throughout this section, and Table 1 provides a complete list of
Benthic’s keyboard commands.

Navigating between and into nodes. After Marina loads the
Benthic screen reader interface for the stacked bar chart, she presses
the |h key, which acts as a “home” key in Benthic. This focuses the
screen reader on the root node of the hypergraph, which provides
a summary of the graphic, including its title, the chart type, and a

!'This chart is also used to demonstrate Data Navigator [10]. We provide a more detailed
compared Benthic to Data Navigator in Section 5.1.2.
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Figure 2: Walkthrough of a usage scenario showing how Marina navigates a stacked bar chart using Benthic. The left-hand
side shows 12 interface states as Marina moves between different groupings in the chart and context switches during her
exploration. The right-hand side summarizes this sequence using numbered illustrations that correspond to each of the 12
steps. In each illustration, the blue outlined box shows Marina’s current location, while the shaded area highlights the context
she is currently exploring. Other parts of the chart are visually faded to reduce distraction. Together, these views show how
Benthic reveals structure step by step, helping Marina build understanding as she explores the stacked bar chart.
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description of the chart’s axes. From here, Marina presses shift and
down arrow/ (/] ) to step into the chart. @ The screen reader focuses
on the x-axis, and reads that it contains four teams. @ Pressing
right arrow (/—), Marina moves laterally to the legend node and
hears that the legend contains three contests. Another — press
brings her to the y-axis node.

At this point, Marina wants to explore the data grouped by
contest. She presses left arrow (/<) to return to the legend and
then shift + | to descend further into the legend. The screen
reader is directed to the BPL node and provides a description of the
node. © Marina presses — to move to the CL group and hears a
similarly structured description.

O While the screen reader is focused on the CL node, Marina
presses shift + | to move down a layer and see the breakdown
of trophies won by each team at the CL contest. The screen reader
focus moves to Arsenal CL, and Marina hears a description of the
node and the number of trophies won by the Arsenal team at the
CL contest. @ Again, Marina presses (= to explore the nodes in
this layer, where she finds the Chelsea CL node.

Switching parent contexts. At this point, Marina wants to
examine how the Chelsea team performed in the 3 contests. Using
existing tools like Olli, Marina would have to ascend the layers of
the stacked bar chart, cross over to the branch in the structure that
represents the x-axis, and descend that branch to find the data
for the Chelsea team. With Benthic, Marina can quickly perform
a context switch to regroup the data by team instead of contest.
O With the screen reader still focused on the Chelsea CL node,
she presses shift + | to navigate up to a parent context layer. The
screen reader reads that the current node, Chelsea CL, belongs to
two groups: CL and Chelsea.

@ Marina presses (= to switch the parent context from CL to
Chelsea, then presses enter to confirm her selection.

O Benthic updates, reorienting the local context around Marina’s
cursor focus (the Chelsea CL node) to group the data by team
instead of contest. Thus, she can now press « and — to navigate
to different nodes for Chelsea’s performance at the BPL, FA Cup,
and CL contests. This ability to fluidly regroup the data allows
Marina to quickly perform analytical tasks, such as comparative
analysis across various dimensions.

Navigating out of nodes. After learning more about Chelsea’s
performance across the 3 contests, Marina noticed that Chelsea
won the most trophies at the FA Cup. She is curious how Chelsea’s
performance in the FA Cup compares to that of the other teams,
so she wants to navigate to the FA Cup node. Marina knows that
she can find the Chelsea FA Cup data point and perform a context
switch. However, she decides to take an alternate navigation path.
© While the screen reader is focused on Chelsea CL, Marina
presses shift + T to navigate up to a parent context layer. The
screen reader announces that the data is currently grouped by
Chelsea, and that Chelsea CL belongs to one additional grouping
(CL). ® Marina presses —| to move to the CL node, but this time,
rather than pressing enter to perform a context switch, she presses
shift + T again to move out of the Chelsea CL node up to the
CL node. @ The screen reader is now focused on CL. Using ‘< and
—, Marina explores the other nodes at this level: BPL and FA Cup.
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@® Marina navigates to the FA Cup node and presses shift + || to
view the breakdown of trophies won by each team.

This usage scenario illustrates how Benthic gives screen reader
users greater control over how they explore graphical represen-
tations. Marina’s ability to reorient the structure around a data
point and switch between different organizational views—such as
grouping by contest or by team—shows how Benthic supports navi-
gation that reflects the overlapping visual relationships in the chart.
Unlike prior approaches, Benthic lets users decide how information
is grouped and traversed, making tasks like comparison and pattern
recognition more efficient and intuitive.

4 GOAL: PERCEPTUALLY CONGRUENT
SCREEN READER STRUCTURES

In this paper, we say that a screen reader structure is perceptually
congruent with a graphical representation if it mirrors the visual
structure of that graphic (as described in Section 4.1). Benthic’s
main design goal is to construct perceptually congruent represen-
tations that can be navigated by screen readers. This gives BLV
users access to affordances similar to those provided by graphical
representations.

4.1 Motivation: Graphical Representations as
Data Structures for Computation

Graphical representations such as diagrams and data visualiza-
tions are more than just visual aids—they serve as data structures
that actively support and scaffold cognitive processes. As Simon
and Larkin argue in “Why a Diagram is (Sometimes) Worth Ten
Thousand Words” [18], diagrams are not merely illustrations but
structured representations that can directly aid problem-solving
by reducing the cognitive load associated with abstract reasoning.
When sighted users engage with diagrams for analytical purposes,
they aren’t simply processing visual features like shapes, colors,
or text. Instead, they are interacting with spatially organized in-
formation that concretizes relationships, encodes constraints, and
supports perceptual inference [18, 22, 32].

Graphical representation use Gestalt grouping principles to struc-
ture shapes [2, 34]. Figure 3 shows examples of some of the Gestalt
grouping principles that are most salient in charts and diagrams:
spatial proximity, connectedness, alignment, and containment. Where
shapes represent individual pieces of data or elements, Gestalt
grouping principles represent relationships between those elements.
For example, a letter in a diagram of a chemical molecule might
represent an atom, whereas a line connecting two letters might
represent the bond between two atoms. This supports readers in
several ways. First, compared to purely textual representations,
graphics make structure explicit. For example, a circuit diagram
reveals connections between components much more readily than
a block of text that verbally references other components using
phrases like “component A” or “this component.” Such references
require a reader to revisit previous parts of the description to make
sense of the relationships or else keep many relationships in work-
ing memory [18]. Second, Gestalt groupings support perceptual
inference by leveraging the human visual system’s efficiency with
perceiving those groupings [32, 34], transforming complex logical
operations into quick perceptual judgments. Finally, diagrams help
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Figure 3: Some important Gestalt grouping principles for
graphical representations: spatial proximity, connectedness,
alignment, and containment.

users construct accurate mental models by mirroring the structure
of the objects and relationships they represent [2]. This is especially
critical in domains like physics, mechanics, and geometry, where
spatial organization is important for conceptual understanding.

Yet while graphical representations offer powerful computational
affordances for sighted users, these benefits remain largely inacces-
sible to blind and low vision (BLV) users—not because graphical
representations are visual, but because existing systems fail to
represent and operationalize the underlying structure that makes
graphical representations effective in the first place. Current screen
reader experiences typically flatten or abstract away the spatial and
relational organization that supports inference, pattern recognition,
and reasoning. Even approaches like Olli [3, 38] and Data Naviga-
tor [10] fall short of capturing the inherent structure embedded in
visual representations. As a result, BLV users do not have access to
the affordances that have been shown to enhance computational
efficiency for sighted users. To bridge this gap, we must design
systems that make these structures accessible—not just the visual
content itself, but the cognitive scaffolding it provides.

4.2 Design Heuristics

The primary design goal of Benthic is to create screen reader struc-
tures that are perceptually congruent to the visual structures
sighted readers perceive in graphical representations. There are
two qualities of perceptually congruent structures that we used
to guide the design and evaluation of Benthic: domain-agnostic
structure and fluid traversal.

Domain-agnostic structure. Sighted readers understand graph-
ical representations through a combination of low-level perceptual
principles — such as the Gestalt groupings shown in Figure 3 —and
higher-level, context-specific cues like cultural interpretations of
colors and symbols. In designing Benthic, we focused on capturing
the former as they apply across diagram types regardless of the
subject matter [2, 4, 18, 23]. As these relationships are grounded
in how the visual system naturally organizes information, they
offer a robust foundation for designing screen reader interfaces
that generalize across graphical representations. Domain-agnostic
structures can later be layered with context-specific information
such as natural language descriptions of symbols or regions of a
visualization. Additionally, a domain-agnostic structure provides a
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consistent interface that helps users build expectations and trans-
ferrable skills across graphical representations, letting them focus
on the structure at hand.

Fluid traversal. Another guiding heuristic is the need to sup-
port a navigation style that mirrors the flexibility of sighted reader’s
attention. For sighted readers, the eye naturally shifts across a vi-
sual layout without restriction — jumping between related groups,
zooming out to grasp global structure, or drilling into detail [4, 18].
This type of navigation is not linear, and allows readers to form and
revise hypotheses as they explore. An important aspect of fluid tra-
versal is ease of movement — both in being able to move in different
directions and in how much effort each movement requires. Tra-
versal should be reversible: users should be able to explore multiple
paths in the structure while revisiting prior locations and undoing
navigation actions as needed. But fluidity also includes the number
of steps or actions required to move between parts of a diagram.
For sighted users, shifting visual attention requires little conscious
effort; for screen reader users, however, each movement requires
deliberate keyboard actions. The more key presses or structural
detours required, the less fluid the experience becomes. Hotkeys
and shortcuts can help reduce this friction, but ultimately, the un-
derlying structure must support direct, efficient traversal. When it
doesn’t, traversal becomes viscous — slow, effortful, and prone to
disorientation.

5 THE BENTHIC SYSTEM

Benthic consists of two core components: (1) the Benthic hyper-
graph (Section 5.1), an intermediate representation that is percep-
tually congruent with the structure of charts and diagrams; and, (2)
a screen reader interface for navigating that structure (Section 5.2).

5.1 The Benthic Hypergraph

To design an intermediate representation that mirrors how graphi-
cal content is structured, we drew on both theoretical and practical
foundations: we were inspired by Larkin & Simon, who view dia-
grams as data structures that scaffold reasoning through spatial and
structural organization [18], as well as Bluefish [24], a diagramming
library that uses a relational scenegraph to encode visual semantics.
Though these structures were developed with sighted readers in
mind, we found they bear striking resemblance to the structures in
screen reader tools for data visualizations like Olli [3, 38] and Data
Navigator [10], yet address limitations of both of them.

Benthic uses hypergraphs, which generalize both Olli’s tree struc-
ture and Data Navigator’s node-link graphs. Rather than increasing
expressive power, Benthic’s hypergraph imposes constraints that
ensure the resulting representation is perceptually congruent and
consistent in how it encodes relationships. First, hypergraphs allow
elements to participate in multiple groupings without duplication,
preserving the visual affordances of overlapping structures (e.g.,
the stacked bar chart from Figure 1 that groups elements both by
team and by competition). Second, hypergraphs enforce a structural
invariant: children have a shared parent if and only if they are neigh-
bors. This invariant guarantees that traversal paths are reversible
and group membership is unambiguous — unlike in graph-based
representations where such relationships must be explicitly spec-
ified. Third, hypergraphs avoid the complexity of tagging edges
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with semantic roles or introducing intermediary nodes, making the
structure easier to reason about for both developers and users.

We illustrate these benefits using the stacked bar chart in Fig-
ure la, which contains two perceptual structures: (1) grouping by
team, encoded through spatial proximity within each stack, and (2)
grouping by competition, encoded through color alignment across
stacks. To motivate the need for hypergraphs, we begin by show-
ing how trees and graphs fall short in capturing the perceptual
structure of this chart.

5.1.1 Tree Representation (Figure 4a). Consider a tree-structured
representation of this chart, similar to the one produced by Olli,
in Figure 4a. We use program function call syntax to express the
hierarchical relationships of the Olli tree structure. For example,

bp1(
"bpll-legend",
"bpl2-legend",
"bpl3-legend",
"bpl4-legend")

denotes that bpl is a parent with four children.

The tree structure encodes two separate subtrees: one for the leg-
end (grouping bars by competition) and one for the x-axis (grouping
by team). Because nodes in a tree structure can only have one par-
ent, the same visual element must be duplicated in both subtrees —
for example, Arsenal’s BPL bar appears as both bpl1-legend and
bpl1-x. This duplication breaks perceptual congruence: even though
these nodes represent the same visual shape, they are treated as
distinct elements. To switch from the bpl grouping to the arsenal
grouping, a user must traverse up to the title node and down to
arsenal. This makes navigation viscous and unintuitive.

Olli’s structure is also domain-specfic — it is specialized for chart
representations and does not generalize well to other diagram types.
For example, chemical molecules are full of overlapping relation-
ships that do not map cleanly to a tree structure.

5.1.2  Graph-based Representation (Figure 4b). Data Navigator rep-
resents the same chart using a graph structure with two kinds of
edges, parents and neighbors, that represent hierarchical and ad-
jacent relationships, respectively?. We represent these relations
using function call syntax where the only two functions are parent
and neighbor. In a tree structure, a parent node always induces
neighbor relationships among its children, which Data Navigator
makes explicit. For example, Data Navigator would represent the
Olli node from Section 5.1.1 like this:

parent("bpl", "bpll-legend")
parent("bpl", "bpl2-legend")
parent("bpl", "bpl3-legend")
parent("bpl", "bpl4-legend")
neighbor(
"bpli-legend",
"bpl2-legend",
"bpl3-legend",
"bpl4-legend")

2We have streamlined the Data Navigator representation for ease of comparison. In
the actual implementation, all edges have exactly two children and the distinction
between “parent” and “neighbor” edges is implicit in the “navigationRule” field of its
data structure.
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By making these relations explicit, Data Navigator allows nodes
to participate in multiple hierarchical and adjacent relationships.
As aresult, a node such as bpl1 is reachable via a neighbor edge
from both fa1 and bp12 (Figure 4b). Thus for adjacent relationships,
Data Navigator is both more congruent and more fluid than the tree
structure.

But this flexibility comes at a cost. Splitting parent and neighbor
edges introduces the potential for structural inconsistencies. Data
Navigator does not guarantee that nodes which are adjacent also
share a parent, like Olli does. For example, while the Olli node
translates to five Data Navigator relations, the structure presented
in the original Data Navigator prototype provides only two:

parent("bpl", "bpll")
neighbor("bpl1", "bpl2", "bpl3", "bpl4")

As a result, if a Data Navigator user traverses from bpl down
to bpl1 and then across to bpl2, they cannot return directly to
bpl, because this parent relationship is missing. This breaks both
perceptual congruence and fluidity (specifically reversibility) for
hierarchies. Data Navigator is missing several of these relations,
which we represent with red edges in Figure 4b.

5.1.3 Hypergraph Representation (Figure 4c). Whereas Olli uses
trees and Data Navigator uses node-link graphs, Larkin & Simon
and Bluefish encode graphics as hypergraphs. Hypergraphs general-
ize both trees and graphs, maintaining the close connection between
parent and neighbor relationships from trees, while allowing ad-
jacent connections like graphs. This duality makes hypergraphs
well-suited for representing diagrams that involve overlapping
groupings and layered visual structure.

Intuitively, a hypergraph can be understood as a flexible hier-
archical structure in which nodes are allowed to participate in
multiple groupings simultaneously. Like in a tree, a hypergraph
supports nested structure through parent-child relationships. How-
ever, unlike in a tree, the same node can appear under multiple
parents. This addresses Olli’s limitation when representing over-
lapping groups like the contests and teams.

Hypergraphs also offer more structure and predictability than
graphs. Graphs allow arbitrary connections between nodes, but
they do not enforce a consistent relationship between adjacency
and hierarchy. In contrast, Benthic’s hypergraph imposes a simple
but powerful invariant: nodes are neighbors if and only if they
share a parent. This is possible because, unlike graphs where edges
connect only two vertices, a hypergraph’s edges (called hyperedges)
can connect any set of vertices. Thus Benthic interprets the term
arsenal("bpl", "fal", "cl1") as a hyperedge, arsenal, that
connects the nodes "bpl", "fa1",and "c11". This structure directly
encodes both hierarchy (the parent is arsenal) and adjacency (its
children are neighbors) in a single unit. As a result, Benthic can
maintain a tight correspondence between parent and neighbor
relationships by construction. Compared to Data Navigator, Benthic
enforces a consistent encoding of relationships, resulting in clearer
and more predictable structures.

Figure 5 provides a formal description of the Benthic hypergraph
in TypeScript. The hypergraph is represented as a collection of
hyperedges, each uniquely identified by an Id. Each hyperedge
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title
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bpl fa ol arsenal

chelsea

Liverpool
o

title(
legend(
bpl(
"bpli-legend",
"bpl2-legend",
"bpl3-legend",
"bpl4-legend"),
fa(
"fal-legend",
"fa2-legend",
"fa3-legend",
"fa4-legend"),
cl(
"cl1-legend",
"cl2-legend",
"cl3-legend",
"cl4-legend")),
x-axis(
arsenal ("bpl1-x",
"fal-x", "cl1-x"),
chelsea("bpl2-x",
"fa2-x", "cl2-x"),
liverpool("bpl3-x",
"fa3-x", "cl3-x"),
manchester ("bpl4-x",
"fa4-x", "cl4-x")))

(a) Olli tree structure. The data points must
be duplicated, since Olli nodes cannot over-
lap.

parent("title", "legend")
neighbor("legend", "x-axis")

parent("x-axis", "arsenal")

neighbor("arsenal",
"chelsea",
"liverpool",
"manchester™)

parent("arsenal", "bpll")
parent("arsenal", "fal")
parent("arsenal"”, "cl1")
neighbor("bpl1", "fal", "cl1")

parent("manchester", "bpl4")
parent("manchester", "fa4")
parent("manchester", "cl4")
neighbor("bpl4", "fa4", "cl4")

parent("legend", "bpl")
neighbor("bpl", "fa", "cl")

parent("bpl", "bpl1")

neighbor("bpl1", "bpl2", "bpl3", "bpl4")

parent("cl", "cli1")

neighbor("cl1", "cl2", "cl3", "cl4")
(b) Data Navigator graph structure. Dashed
lines denote parent-child edges. Red lines
denote missing parent-child edges.
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title
legend
— Y —
bpl fa cl
X-oxis

[ arsenal o ° ° J
[chelsea ° o o J
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title(

legend(
bpl("bpl1", "bpl2", "bpl3", "bpl4"),
fa("fal", "fa2", "fa3", "fa4"),
cl("cl1", "cl2", "cl3", "cl4")),

x-axis(
arsenal("bpl1", "fal", "cl1"),
chelsea("bpl2", "fa2", "cl2"),
liverpool("bpl3", "fa3", "cl3"),
manchester("bpl4", "fa4", "cl4")))

(c) Benthic hypergraph structure. Benthic’s
structure generalizes both Olli’s and Data
Navigator’s, using hierarchy to express re-
lationships like in Olli, but allowing those
relationships to overlap like in Data Navi-
gator.

Figure 4: A comparison of the Olli, Data Navigator, and Benthic representations of the same stacked bar chart from Figure 1a.
(Note, the diagrams have been truncated to show only the first three teams to reduce complexity.) The tree doesn’t capture
adjacent relationships, and the graph captures parent-child relationships in an ad-hoc way. Meanwhile the hypergraph captures
both hierarchical and adjacent relationships.

also includes a displayName and a description, which provide

localized alt text that is read aloud to users during navigation.
Each hyperedge encodes a grouping by listing its children —

the IDs of the nodes it connects. In addition, each hyperedge tracks

its parents — the hyperedges in which it is nested. This parents

array is redundant in theory (as it can be derived from all children
arrays), but is stored explicitly for faster lookup during naviga-
tion. When users move to a hyperedge, both the displayName
and description are read aloud; when switching between parents
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type Hyperedge = {
id: Id;

type Hypergraph = { displayName: string;
[id: Id]: Hyperedge; description?: string;

b children: Id[];
parents: Id[];

b

type Id = string;

Figure 5: A TypeScript formalism of the Benthic hypergraph.
The hypergraph is a collection of hyperedges tagged by Id.
Like with a tree structure, a leaf node in the hypergraph is
a special case of Hyperedge where the child array is empty.
Each hyperedge contains a display name, an optional longer
description, an array of its children, and an array of its par-
ents. Both the display name and longer description are used
when visiting a node, but only the display name is presented
when switching the parent context.

during context changes, only the displayName is announced to
maintain brevity.

This model generalizes both trees and graphs. A tree is a special
case of a hypergraph in which each node appears in only one
children array — that is, every node has a unique parent. A graph
is another special case where each hyperedge either represents
a leaf node (with no children) or an edge that connects exactly
two such leaf nodes. This unification allows Benthic to seamlessly
represent both hierarchical and adjacent relationships in a single,
coherent structure — preserving perceptual congruence without
requiring duplicated nodes or ad hoc edge logic.

5.1.4 Continuum between hierarchy and adjacency. Existing ap-
proaches often distinguish rigidly between hierarchical relation-
ships, such as those in trees, and adjacent relationships, such as
those in graphs. Hierarchies often represent nested information
where smaller parts form bigger ones. On the other hand, we typ-
ically use adjacent structures like node-link graphs to represent
“flat” relationships like friendship networks.

By coupling parent (hierarchical) and neighbor (adjacent) re-
lationships, Benthic hyperedges blur this distinction. While this
approach may seem surprising, it actual mimics ambiguity between
hierarchy and adjacency found in graphical representations. Con-
sider Figure 6. We often represent hierarchies with enclosures or
tight clustering (e.g., stacking) and adjacencies with links or loose
proximity (e.g., annotations). However, the boundaries between
hierarchical and adjacent relationships are nebulous. We can con-
tinuously deform an enclosure relationship into a connecting rela-
tionship. We can continuously deform tight spatial proximity that
affords hierarchy into looser relationships.

Due to perceptual congruence, we therefore expect that a domain-
agnostic structure ought to exhibit this same ambiguity between
hierarchical and adjacent relationships, unlike trees and node-link
graphs. A hypergraph is just such a structure. In fact, hyperedges
in hypergraphs are often visualized as ambiguous enclosures that
resemble connecting lines [9], as in Figure 6.
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Figure 6: This figure illustrates a continuum from hierar-
chy to adjacency. The horizontal axis ranges from “More
Hierarchical” to “More Adjacent,” while the vertical axis con-
trasts explicit versus implicit grouping cues. This continuum
suggested to us that the underlying structure of graphical
representations ought to have a unified or blended concept
of hierarchical and adjacent relationships — namely, hyper-
edges in a hypergraph.

5.2 Benthic’s Screen Reader Interface

The Benthic interface enables screen reader users to navigate com-
plex diagrams represented using hypergraphs. At any given time,
a screen reader user will be focused on a node in the hypergraph
within a given parent context that defines the node’s siblings. How-
ever, as hypergraphs can contain overlapping nodes (unlike trees)
and “edges” with more than two elements (unlike graphs), they
can pose a challenge for fluid screen reader traversal. As a result,
we co-designed a new screen reader navigation interface with our
co-author Hajas, a blind researcher with experience in accessible
representations. Over the course of roughly six months, we devel-
oped multiple prototype interfaces. We met regularly on Zoom and
communicated via email to evaluate the strengths and limitations of
each prototype. In this section, we describe the resultant interface
and summarize Benthic’s key bindings in Table 1.

5.2.1 Focusing on the current hypergraph node. The h key acts
like a “home” key that focuses the screen reader on the selected
hypergraph node. This key binding helps users quickly recover their
place if the interface behaves unexpectedly or the screen reader
loses focus.

5.2.2  Moving between children of a hypergraph node. To support
navigation between neighboring elements, Benthic presents nodes
at the same level of the hypergraph as a one-dimensional, bidirec-
tional list. For example, in step 3 of Figure 2, nodes BPL, FA Cup,
and CL are displayed as neighboring elements in the same layer.
Users can navigate through this list using the arrow keys: « or 1

to move backward, and /= or | to move forward.

5.2.3 Moving up and down the parent-child hierarchy. Users press
shift + | to descend into the currently focused child node, mak-
ing it the new parent context. They press shift + 1 to ascend from
the focused child into the parent context. However, unlike in a tree
structure, where a child only has one parent, in a hypergraph, a
child can have arbitrarily many parents. For example, in Figure 2,
Arsenal CL is a child of both CL and Arsenal. If the currently
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Table 1: Key bindings for navigating Benthic’s screen reader
interface

Key(s) Pressed Description

h The h key acts as a home key that can help
users refocus screen readers on the current
node.

< /7 Users can press the left arrow or up arrow
to navigate to the previous neighboring (sib-
ling) node during navigation within a hy-
peredge or previous menu option during
parent context switches.

-/ Users can press the right arrow or down
arrow to navigate to the next neighboring
(sibling) node during navigation within a
hyperedge or next menu option during par-
ent context switches.

shift + T Users can press shift in conjunction with up
arrow to navigate up a layer in the hierarchy

(towards a node’s parent).

shift + | Users can press shift in conjunction with
down arrow to navigate down a layer in the

hierarchy (towards a node’s children).

enter Users can press enter for selection. This in-
cludes using the enter key to select a new
parent context during context switches.

focused child has only one parent, pressing shift + 7 takes the
user directly to that parent node, updating the interface with infor-
mation from the new layer. But when a node has multiple parents,
pressing shift + T brings the user to a parent context layer. This
state, shown in Figure 2 @, is presented at the top of the Benthic
screen reader interface. It includes a description of the focused
child, the current parent context, and any additional parent con-
texts the child may have. A prompt then instructs users to use the
left and right arrow keys to explore alternate parent contexts. Press-
ing 'enter selects one of these as the new parent context, while
pressing shift + T again continues traversal upward along the
selected path. This design ensures that users are aware of multiple
possible paths in the hierarchy and can make informed choices
when navigating upward through the hypergraph.

5.2.4 Design Rationale and Alternatives. We iterated on several
prototypes with co-author Hajas before arriving at our final design.
Here, we describe three alternatives, each reflecting different trade-
offs between traversal fluidity and user orientation.

Flat traversal. To minimize explicit context switching, we tried
augmenting the list of the currently focused child’s neighbors to
include “cousin” nodes from sibling parent contexts. This structure
was inspired by Data Navigator’s traversal structure for the stacked
bar chart. For example, in the stacked bar chart from Figure 1a,
the Arsenal CL and Chelsea BPL nodes would both be in the

Mei & Pollock et al.

list of adjacent nodes for Liverpool FA Cup even though these
3 data points do not share any common parent contexts. While
this fluid navigation made lateral movement easy, parent context
switches became hidden. As co-designer Hajas moved between
adjacent nodes, the parent context of the focused node changed
without any cues or verbal indications. As a result, when he tried
to ascend the hierarchy, the parent grouping he intended to follow
was sometimes inaccessible.

Default Parent Contexts with Context Cycling. This model
used traversal history to determine the upward path: pressing
shift + T always returned the user along the path they had orig-
inally descended. A separate hotkey (p) let users cycle through
alternative parent contexts, updating both the list of neighboring
elements and the default path for future ascent. This approach
reduced friction by minimizing keypresses and avoiding separate
menus or prompts for context switches. However, it offered no cues
when multiple parent contexts were available. In testing with Hajas,
we found that it was easy to remain unaware of alternate upward
paths unless a user already knew to press p at specific nodes.

Default Parent Contexts with Context Switching Menu.
This prototype worked similar to the previous one. However, in-
stead of pressing p to cycle between parent contexts, the user
presses g to jump to a dedicated menu listing alternate parent
contexts. This menu offered more explicit guidance than the p| key
in the previous model, clearly signaling what other groupings were
available and how to change the current node’s context. While this
approach made context switches more discoverable and deliberate,
it interrupted the traversal flow by pulling users out into a separate
interaction.

Across these prototypes, we identified a central trade-off between
fluidity and wayfinding. More fluid interfaces require fewer key
presses, fewer user decisions, and fewer interruptions with separate
menus. Meanwhile, designs that were less fluid provided stronger
signposting: they surfaced cues about the structure, made parent
contexts explicit, and helped users understand where they were and
what actions were possible. However, these same designs slowed
navigation and introduced more friction. In contrast, more fluid
designs allowed for faster, uninterrupted movement but at the cost
of structural transparency — users often missed alternative parent
contexts. Our final design aims to balance these forces: integrating
parent context selection directly into the traversal flow, making
parent context selection explicit and actionable when they occur.

6 EVALUATION

In evaluating Benthic, our goal was not to measure task accuracy.
Rather, we designed an exploratory study in order to understand how
participants used Benthic to make sense of, draw inferences from,
and reason about relationships within graphical representations.

6.1 Study Design & Procedure

We conducted 90-minute Zoom studies with 15 blind participants.
Participants were asked to explore and reason about two kinds
of graphical representations that have been previously studied
with sighted readers: a set of pulley diagrams [7, 18], and a set of
bar charts drawn from a prior study by Boger & Franconeri [4].
In selecting these diagram types, we aimed to examine whether
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Benthic affords BLV readers reasoning patterns that are equivalent
to those sighted readers use.

6.1.1  Participants. We recruited 15 blind individuals through pub-
lic calls shared on Twitter and relevant mailing lists. Each par-
ticipant received $60 for their participation in a 90-minute Zoom
session. To protect participant privacy, we report only aggregate de-
mographic information and acknowledge that socially constructed
data such as race and ethnicity should be collected and represented
with care. 80% (n=12) of participants self-identified as totally blind
and 20% (n=3) self-identified as totally blind with some light per-
ception or low vision. 33% (n=>5) have been blind since birth, 53%
(n=8) have not been blind since birth, and 14% (n=2) did not an-
swer. Participants were split into 33% (n=5) NVDA users, 60% (n=9)
JAWS users, and 7% (n=1) Voiceover users, aligning with screen
reader statistics [36]. Demographically, 27% of our participants use
she/her pronouns (n=4) and the rest used he/him pronouns (n=11).
Participants self-reported their ethnicities (Asian, Black/African,
Hispanic/Latinx, and Caucasian/white), covered a diverse range of
ages (20—-50+), and had a variety of educational backgrounds (high
school, undergraduate, and graduate). 10 participants self-reported
as slightly to moderately familiar with data visualization concepts
and methods, 1 as not at all familiar, 3 as expertly familiar, and
1 as no answer. Participants reported a high variety of frequency
interacting with data or visualizations, from 1-2 times a year to 3
or more times/week, with most reporting 1-2 times/month.

6.1.2  Study Procedure. Co-authors Mei, Pollock, and Zong con-
ducted the studies following Frekjeer and Hornbeek’s Cooperative
Usability Testing (CUT) method [12]: Mei served as the guide, intro-
ducing the Benthic prototype and navigation structures and speak-
ing with participants, while Pollock and Zong acted as loggers,
documenting usability issues and relevant participant comments.
Each interview lasted approximately 90 minutes and began with
a semi-structured interview about the participant’s background,
including their current strategies for interacting with diagrams
and data visualizations, the challenges they face, and what they
find helpful in existing approaches. Participants were then intro-
duced to Benthic through a line chart depicting average summer
temperatures in Chicago and Seattle during June, July, and August
(adapting an example from the gallery of Vega-Lite [26], a popular
visualization tool). This introduction was designed to familiarize
participants with Benthic’s interface and navigation commands,
and the guide walked participants through the available interactions
and answered any questions to ensure they felt comfortable using
the interface. Following this tutorial, participants used Benthic to in-
dependently explore two kinds of graphical representation — pulley
diagrams and bar charts — described in the next subsection.

6.1.3 Data Collection & Analysis Methods. We followed a mixed
methods approach, collecting both quantitative and qualitative data.
For the quantitative data, we developed two Likert-scale surveys
to assess the impact of Benthic’s design on participants’ experi-
ences navigating the two diagrams. These surveys measured aspects
such as ease of navigation, cognitive load, and support for context
switching. Responses were collected on a five-point scale, with
higher values indicating greater ease or agreement. For the qual-
itative analysis, we followed a grounded theory approach [6] to
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identify recurring themes in how participants described their in-
teractions with Benthic. Co-authors Mei and Pollock open-coded
study transcripts and logger notes, iteratively organizing the codes
into broader categories.

6.2 Structural Representations & Study Tasks

Our evaluation was designed primarily to assess perceptual con-
gruence. As such, we selected examples from two distinct domains
of graphical representation: scientific diagrams and information
visualization. These representations have existing theories about
their perceptual structures, allowing us to interpret whether users’
understanding of the Benthic screen reader structure aligned with
established expectations for sighted readers.

6.2.1 Pulley Diagrams. The first set of Benthic structures depicted
a system of pulleys (such as those found in physics pedagogy).
These diagrams have been cited by Larkin & Simon as examples
where graphical representations, by externalizing spatial and rela-
tional structures, support more efficient reasoning than text [18].
Peter Cheng later empirically studied this idea by comparing how
participants solved pulley problems using diagrammatic, tabular,
or sentential (i.e, textual) representations [7]. To do so, Cheng used
three pulley diagrams of varying levels of complexity: “simple,”
“medium,” and “complex.” These require applying two, three, and
four physics rules, respectively.

To understand how blind participants conceptualize and traverse
diagrams using Benthic, our Benthic structures adapt Cheng’s “sim-
ple” and “medium” pulley diagrams, reproduced in Figure 7. In the
“simple” diagram, a reader must apply two rules to determine the
weight of box B2 given the weight of box B1: the Rope Support Rule
(a rope’s value is equal to the weight it supports) and the Equal
Tension Rule (ropes passing over or under the same pulley have
equal values). The “medium” diagram adds a third rule: the Combine
Rule, which specifies that a rope supporting an entire pulley system
takes on the combined value of the ropes within that system.

In our study, we anticipated that participants would have varying
levels of experience with physics concepts, so we gave them a
conceptual overview of how pulley systems work before beginning
the pulley tasks. This introduction included explanations of how
the rope typically runs across the pulley and how it supports objects
on either side, and was designed to ensure all participants had a
shared foundation for interpreting the diagram. All participants
started with the “simple” structure, and 10 participants progressed
to exploring the “medium” one. Across both diagrams, participants
were asked to determine the weight of the second box (B2) given
the weight of a known box (B1). As participants operated Benthic,
we devoted particular attention to how they traversed the diagram,
interpreted the components in relation to one another, and applied
the physics principles we provided. After completing the pulley
task, participants were asked to describe their understanding of
the diagram’s structure — what components were connected, how
they related to one another, and how they envisioned the diagram’s
overall layout.

6.2.2  Bar Chart: Replicating Boger & Franconeri. With the final set
of Benthic structures, we sought to replicate a graphical perception
study conducted by Boger & Franconeri [4] to determine whether
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(b) Cheng’s “medium” pulley system and Benthic hypergraph,
where the rope of the previous pulley supports the next pulley.

Figure 7: The diagrams and Benthic hypergraphs used for the pulley diagram section of the study.

the impact they identified certain graphical structures having on
sighted readers carries over for our blind participants operating
Benthic. In the original study, sighted participants viewed two bar
charts containing identical data about the heights of two children,
Charlie and River, at ages 8, 10, and 12. The first bar chart grouped
the data by child while the second chart grouped the data by age —
that is, the first chart depicts two groups of three bars, while the
second chart shows three groups of two bars. Crucially, however,
the study embedded an implausible trend in the data: River’s height
decreased from age 10 to 12. In the original study, participants were
much more likely to miss this trend when shown the second bar
chart (i.e., when the data was grouped by age rather than child),
demonstrating how structural design choices can influence the
patterns sighted readers perceive.

In our study, we recreated these two bar charts as Benthic nav-
igation structures, and our goal was to see whether making one
structure appear more salient would influence interpretation for
screen reader users in the same way visual grouping influences
sighted users. The original bar charts and our hypergraphs for each
are shown in Figure 8. To promote a sense of salience, we inten-
tionally limited access to the alternate grouping at the top level of
the hypergraph. For example, in the age-grouped structure, partici-
pants began their navigation at a top-level Age node, followed by
options for specific ages (e.g., age 8, age 10), which then led to each
child’s data at that age. The alternative grouping — by child — was
not accessible from the top level and was only reachable from the
individual data points. Similarly, in the child-grouped structure,
participants initially navigated by child, with age-based grouping
hidden in deeper levels of the Benthic structure. This asymmetry
was enforced by removing a top-level edge in the hypergraph, so
participants could only access the alternate grouping after reaching
the data points.

Participants were randomly assigned to interact with one or
the other chart, and were first asked to freely explore the data
and describe any patterns they found interesting. If they did not
mention the implausible trend, we followed up with increasingly
specific prompts adapted from the original study like “Did you
notice anything that didn’t make sense in the plot?” and “What

happens to River’s height between 10 and 12?” A final task with the
structure prompted participants to engage in context switching by
asking “What happens to Charlie’s height between 8 and 10?” and
“Who is taller at age 8?” Participants described how they pictured
the chart, including how they imagined the bars were arranged and
what they thought appeared on each axis. We placed this navigation
structure at the end of our study to maximize the chances that
participants were comfortable operating Benthic and minimize
the likelihood that navigational difficulties would interfere with
participants’ exploration and analysis.

6.3 Quantitative Results

We report participants’ responses to our Likert-scale survey ques-
tions in Table 2. Median scores suggest that participants found the
Benthic interface enjoyable and easy to use. They reported that
context switching and navigating branching paths were generally
easy, with slightly more intuitive navigation in the bar chart struc-
tures. Participants also felt the tool supported the formation of
mental models and required minimal cognitive effort to perform
computations — again, with the bar chart rated as somewhat easier
to interact with. Finally, participants generally agreed that spatial
navigation would be moderately helpful for navigating the system.

6.4 Qualitative Results

Statistics provide only a partial picture of participants’ experi-
ences [1]. Thus, to contextualize their scores, we identified the
following themes through qualitative analysis.

6.4.1 Benthic enables flexible, goal-driven exploration. In contrast
to existing approaches which impose a predefined summary (in
the case of alt text) or predefined groupings (in the case of systems
like Olli), Benthic enabled participants to freely reorganize the data
according to their own interpretive needs. Participants were able
to use context switches to shift and regroup elements and navigate
relationships that were interesting to them. For instance, while
exploring the bar chart structures, P13 preferred to look at the data
grouped by child instead of grouped by age, emphasizing that
“That’s how I was thinking about it.” Grouping by age did not align
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Figure 8: The charts and Benthic hypergraphs used for the bar chart section of the study.

Table 2: Rating scores pulley diagram and bar chart on a five-point Likert scale where 1 = Very Difficult (Not helpful at all) and 5
= Very Easy (Extremely helpful). Median scores are shown in bold, averages in brackets [], standard deviations in parentheses ().

Pulley Diagram

Score

Bar Chart

Score

How easy was it to learn to use the screen
reader tool for the pulley diagram?

How easy was it to navigate the different
paths that move up a layer in the pulley
diagram?

How easy was it to perform a context
switch using the tool?

Once you understood the tool, how easy
was it to build a clear mental model of the
pulley diagram?

How easy was it to keep track of all the
information needed to calculate the values
of the ropes and boxes?

How helpful would spatial navigation be
for the pulley diagram?

4[3.47] (1.41)

4 [3.80] (1.15)

4 [3.40] (1.24)

4 [3.50] (1.40)

4 [(3.47] (1.25)

3 [3.13] (1.19)

How easy was it to learn to use the screen
reader tool for the bar chart?

How easy was it to navigate the different
paths that move up a layer in the bar chart?

How easy was it to perform a context
switch using the tool?

Once you understood the tool, how easy
was it to form a clear mental model of the
bar chart?

How easy was it to keep track of all the in-
formation needed to understand the trends
in the data?

How helpful would spatial navigation be
for the bar chart?

How easy was it to find that River’s height
decreases between ages 10 and 12?

5 [4.47] (0.83)

5 [4.01] (1.28)

4 [4.21] (0.89)

5 [4.73] (0.46)

5 [4.53] (0.83)

3 [3.13] (1.36)

5 [4.4] (0.83)
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with how he wanted to approach the task: “If someone were to say,
tell me the difference between River and Charlie, [...] I wouldn’t even
look at it from the age of each person. That doesn’t even make sense
to me. I would want to group it by the person.” But even if a reader
has a preferred grouping, the ability to switch between groupings
was essential to gaining a complete understanding. For instance,
in the task containing the implausible trend in height (§ 6.2.2), P4
noticed that River was “lopsided”. He found that “when [River’s]
height [was reduced] to 55 [inches], then I began to have doubts. I
had to compare. Was I thinking correctly, or was it something wrong?”
Using the Benthic interface, P4 performed a context switch to group
the data by child instead of by age to confirm the anomaly he had
discovered.

Participants also highlighted that these context switches enabled
them to filter information in order to focus on the elements they
cared most about. For example, while exploring the introductory
line chart, P7 described that the ability to change how the data is
grouped made it very easy to make comparisons: T like that you
can go, here’s Seattle [in] July. So if you said ‘which one is hotter
in X month?’ then I would have gone to X month and told you.” P6
echoed a similar sentiment, emphasizing the efficiency of filtering
irrelevant data: “if you’ve got 12 cities and I'm interested in 2, why
should I have to look at all 12? And it looks like this could allow me
to [filter]”

6.4.2 Benthic helps build a conceptual understanding of hierarchy
and adjacency. Participants appeared to quickly learn how to navi-
gate the Benthic interface, and described the interactions in ways
that mirrored the underlying structure of the diagrams. Commands
like shift + | were often described as “digging deeper” or “open-
ing up”, while the |« and |- arrow keys were associated with
“moving across” —language that reflects hierarchical and adjacent
relationships between elements in the diagrams and visualizations
participants explored. For example, as P1 explained, “Once I get to
the legend and I want to go to the axis, I do the shift down arrow to
open up that axis. Then I use left or right arrows to navigate within
that axis.” Similarly, P11 imagined their position in the structure
as a ‘cursor on the diagram” and navigational commands would
move the cursor laterally or zoom in and out of a region of the
diagram. These metaphors suggest that participants were building
an understanding of the diagram’s structure as they explored it.
Several participants also used Benthic’s structural metaphor to
articulate broader differences in how each graphical representation
was organized. For instance, P3 contrasted the hierarchical nature of
the line chart with the more adjacent layout of the pulley diagram:
“There’s a difference between the [line chart and the pulley diagram]
because in the first diagram, there’s hierarchy: city and month. Group-
ing is different. [The pulley diagram] is not exactly hierarchy. There’s
a box, you can associate with the rope, and you can associate with the
pulley” Similarly, P14 described the pulley diagram as fundamen-
tally flat, explaining “In this case, it doesn’t make sense to context
switch, because everything is a 2-dimensional layout. Context switch-
ing to me is like looking at the data from a different angle. Whereas
here, that’s not necessarily what you’re doing, because they’re all
hanging. So they’re all in the plane.” While participants’ prior fa-
miliarity with these diagram types likely had an effect on these
insights, Benthic’s hypergraph and interface nevertheless helped
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participants make such structural distinctions explicit — offering a
vocabulary and interaction model that encouraged participants to
reflect on how information was organized.

Curiously, while Benthic’s hypergraph structure supports both
hierarchy and adjacency, participants often found the navigation
experience to overly emphasize hierarchy. P14’s metaphor captured
this frustration: ‘It’s like if you were showing me a skeleton and you
said: okay, find the finger. But I couldn’t find the finger by looking
at the hand. I had to follow it all the way down from the shoulder
to the arm, to the wrist..now find the next finger, and I can’t just
look at the hand and go: it’s beside the first one. I have to go back
up to the wrist.” Benthic’s current navigation model prevents users
from jumping laterally across groups, instead requiring them to
first “move up” to context switch and access adjacent elements in
other groups. While participants acknowledged the usefulness of
the current approach, they suggested an approach that would toggle
between hierarchical and lateral movement, as both are necessary
to understand a graphical representation. As P14 explained, “But
you always need to move between context and focus. And here you’re
stuck in focus. [...] When you’re looking at something like this, you're
always moving between context and focus. There’s the pulley, and
there’s a box... and zooming back out to see the linkages.”

6.4.3 Benthic supports local understanding of diagram structure.
When a participant focused on an element in a diagram, they demon-
strated a strong understanding of the local relationships that ele-
ment participated in. Participants often gave detailed descriptions
of how ropes, pulleys, and boxes were connected at specific points
in their traversal. For instance, P1 explained, “Rope p is actually the
rope that’s holding the box. And then on the left side of pulley A is
rope p. And then on the right side is rope r.” Similarly, P3 remarked,
“Concept wise, I can explain... between pulleys, connections between
ropes, and the boxes hanging on which rope.” However, when asked
to describe the overall layout of the diagram, many struggled to
explain how components were situated in relation to each other. P6
noted, ‘T don’t know if we [found out] where Pulley B was connected
to other than the ropes. Is it on the floor? Is it on the overhead?” P14
similarly expressed frustration: “I'm stuck in focus mode, but I have
no idea how these parts relate to each other.” P7 suggested that addi-
tional reference points might help with understanding the broader
structure: “Perhaps what could be helpful here would be for you to
say floor, then rope S, then Pulley C, rope U... Just tell me when there’s
the floor, and when is there the ceiling.” When key anchor points
like the floor or ceiling weren’t organically part of a participant’s
traversal, they struggled to situate the components they encoun-
tered — underscoring the need for navigation that better supports
awareness of surrounding structure.

6.4.4 Diagrams suggest spatial expectations that are not captured
by structural navigation. Prior work in screen reader interfaces for
visualization draws a distinction between structural navigation,
which refers to movement locally along an accessible structure, and
spatial navigation, which refers to movement organized by spatial
directions in the coordinate space of the graphic [38]. Though our
prototypes focused on structural navigation, we found that spatial
navigation is crucial in contexts where users expect to move along
physical paths. For instance, when participants encountered the
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pulley system, they anticipated navigation to reflect spatial move-
ment along ropes and pulleys. P3 suggested how they envisioned
navigating the pulley diagram: “Let’s say [you use the] up and down
arrow keys with a rope. If there’s a box hanging down, and then you
follow the rope, then [the box is] at the end. When you pass the rope
left and right, there’s a pulley in the middle.” Similarly, P9 also ex-
pected spatial movement, saying, ‘T thought if I selected the rope and
went up, it would take me to whatever that rope is part of” where
in our structural navigation model, they were instead iterating
through a list of connected items. These expectations show how
users conceptualize the diagram as a physical space; and, without
clear spatial cues, participants struggled to make sense of the layout.
Participants also described the mental effort required to align key
presses with actual movement when their expectations differed
(P10).

Finally, to streamline navigation, Benthic integrated an interme-
diate parent context layer that appears when nodes have multiple
parent paths — allowing participants to choose their route upward
through the diagram. As we discuss in Section 5.2.4, this design aims
to balance fluid traversal with users’ awareness of other groupings.
While the parent context layer makes discovery of different group-
ing relations more explicit, some participants found it confusing,
likely because it broke expectations about traversal reversibility
(P3, P10).

Some participants also found it difficult to anticipate when this
intermediate branching layer would appear (P14, P15). P15 shared,
“It usually takes a second to remember if I need to press enter or if
it’s enough to switch with the arrow keys.” These responses suggest
that while the parent contexts supported necessary structure in the
diagram, its interaction pattern occasionally clashed with partici-
pants’ expectations of consistent, bidirectional traversal. Building
on P15’s observation, we wonder if the interface could show both a
node’s children and its parents when the user presses enter|, and
have esc or delete always undo enter. This would ensure parent
contexts are always accessible while maintaining reversibility.

6.4.5 Results of the Replication Study. As described in 6.2.2, one of
our tasks was designed to replicate a graphical perception study
testing whether readers could notice an anomalous trend in height
data [4]. The goal of this task was to determine whether Benthic’s
structure would have a similar influence on readers as the graphical
structures in the study.

In contrast to the original study, which found strong effects
based on bar chart structure, our participants could perform con-
text switches to easily change the grouping of the data. 12 of the
15 participants identified the implausible trend in River’s height,
with just one person assigned to the obfuscated structure missing it.
This is in stark contrast to the 46% of participants in Boger & Fran-
coneri who missed the same trend [4]. We found this to be revealing
of participants’ interpretive processes. We had initially expected
that the “most salient” grouping in each structure — either age or
child —would influence how participants conceptualized the bar
chart. That is, we hypothesized that participants would describe
the chart in ways that aligned with the version they were assigned.
However, the impact of this salient structure was minimal as most
participants performed a context switch almost immediately after
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descending the hypergraph, regardless of which navigation struc-
ture they were working with. Indeed, some participants recognized
that the bar chart could be interpreted in multiple ways, and called
out that the navigation structure did not clearly specify which one
it was meant to primarily represent. For example, P8 remarked, ‘T
suspect that probably the x-axis is age and that the y-axis is the height
of the kids,” but went on to say, “Of course that’s difficult because I
don’t know if there are actually 2 bar charts or if there’s 1.” Similarly,
P9 described: “If you were grouping them by age, you would have the
two bars next to each other for the same age...If you’re going to group
them by child, then I guess you would have two sets of bars. But then
you would need a third dimension — you would need another graph.”

Participants also appeared to have a strong grasp of Benthic’s
hypergraph structure, as six participants noticed the deliberate
asymmetry we introduced to enforce a “salient” grouping. Specifi-
cally, they pointed out that they expected to be able to access both
age and child groups from the top level of the hypergraph, and were
surprised when that was not the case. For example, P7 suggested
that both grouping options should be immediately available: “Here
in this second phase you have age. What I would suggest here is, have
age, and then you have the ages to choose from, and then I would
have names, too.” P12 noted that “age is like this separate group that
does not belong to the main graph. You can only really get to it when
you get to the data points themselves.” Similarly, P15 observed, “This
time we only have age, not age and children.” These insights show
that participants quickly grasped the hypergraph structure and
developed expectations for its navigation.

7 DISCUSSION AND FUTURE WORK

In this paper, we presented Benthic, a perceptually congruent in-
termediate representation and screen reader interface for graphical
representations. We have also shown how Benthic’s hypergraph
structure is domain-agnostic and allows for fluid screen reader tra-
versal. The Benthic system provides several promising directions
for future research and tool development.

7.1 Barriers to Adoption

While Benthic offers a promising framework for perceptually con-
gruent screen reader navigation, broader adoption of the system
will require addressing several practical challenges. First, Benthic
introduces a new interaction model that differs from familiar tree
or graph-based paradigms in most screen readers. Although partici-
pants in our study were able to learn and operate the interface with
guidance, supporting independent onboarding will be essential. Fu-
ture work could explore inline tutorials, adaptive scaffolding, or
interface cues that help users gradually build fluency.

Second, adoption also depends on making it easier to gener-
ate Benthic-compatible structures. In this study, we focused on
diagrams with established perceptual structures, but supporting a
wider range of diagrams will require scalable methods for gener-
ating hypergraphs. One promising direction is to integrate with
diagramming libraries like Bluefish [24], which define diagrams in
terms of explicit visual and semantic relationships, enabling broader
use across domains.
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7.2 Towards a Spatial Benthic

Although Benthic’s hypergraph structure allowed many partici-
pants to understand graphical representations, our evaluation re-
vealed obstacles to achieving stronger perceptual congruence. In
tasks involving the pulley diagram, several participants success-
fully navigated through both hierarchies and adjacency but still
expressed uncertainty about the overall layout of the diagram. Their
comments and expectations revealed a spatial interpretation of the
diagram: they imagined ropes stretching vertically, pulleys sus-
pended from above, and boxes positioned below. However, Ben-
thic’s navigation model, grounded in structural relationships, does
not explicitly represent spatial layout, orientation, or directionality.
This finding suggests that spatial reasoning requires more than
structural relationships alone. Perceptual groupings like “above,”
“next to,” or “hanging from” seem not to be reducible to just hi-
erarchy and adjacency and may require special support in future
tools.

Another promising direction for future work is to better charac-
terize the kinds of diagrams Benthic supports well — particularly
those with discrete components and interpretable groupings — versus
those that rely on continuous spatial relationships. Benthic’s hy-
pergraph model works effectively for diagrams like bar charts or
pulley systems, where content is organized into distinct, separable
elements. But it is less clear how Benthic could represent diagrams
such as maps or heatmaps, which emphasize spatial continuity, gra-
dients, and orientation. Because Benthic does not currently support
spatial navigation, these formats present new challenges for design-
ing perceptually congruent screen reader experiences. Extending
Benthic’s design goals to address such representations remains an
open and compelling area for future research.

7.3 Congruent Structures Across Modalities

The key conceptual insights in Benthic were the result of integrating
formal structures from research on graphical representations and
research on screen reader traversal. We believe that a promising
way to understand how spatial information could be integrated with
hypergraphs is to study how spatial information works in other
modalities. Sonification, for example, relies not just on the discrete
relationships we explored in this paper, but also on continuous
ones presented with tones that vary continuously in frequency or
amplitude. Screen magnification requires an even closer congruence
between graphical representations and alternative representations
than in Benthic, because those representations must be presented
simultaneously. Magnification could potentially take advantage of a
Benthic-like structure to aid in faster navigation or to present users
with timely information that is offscreen but related to elements that
are currently onscreen. Tactile graphics present interesting issues
of context, similar to those in magnification. Whereas a sighted
user has a very large field of view and a user of a screen reader can
only see one data point at a time, magnification and tactile views
present small context windows that allow users to perceive a small
collection of items at a time. We suspect that Benthic’s structure
may help us look for ways to augment these context windows.

Mei & Pollock et al.
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