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ABSTRACT

Scholarly publications are key to the transfer of knowledge from
scholars to others. However, research papers are information-dense,
and as the volume of the scientific literature grows, the need for new
technology to support the reading process grows. In contrast to the
process of finding papers, which has been transformed by Internet
technology, the experience of reading research papers has changed
little in decades. The PDF format for sharing papers is widely used
due to its portability, but it has significant downsides including:
static content, poor accessibility for low-vision readers, and diffi-
culty reading on mobile devices. This paper explores the question
“Can recent advances in Al and HCI power intelligent, interactive,
and accessible reading interfaces—even for legacy PDFs?” We de-
scribe the Semantic Reader Project, a collaborative effort across
multiple institutions to explore automatic creation of dynamic read-
ing interfaces for research papers. Through this project, we’ve de-
veloped ten research prototype interfaces and conducted usability
studies with 300+ participants and real-world users showing im-
proved reading experiences for scholars. We’ve also released a pro-
duction research paper reader that will incorporate novel features
as they mature. We structure this paper around challenges scholars
and the public face when reading research papers—discovery, effi-
ciency, comprehension, synthesis, and accessibility—and present
an overview of our progress and remaining open challenges.

1 INTRODUCTION

The exponential growth of scientific publication [7, 8] and increas-
ing interdisciplinary nature of scientific progress [71, 94] makes

it increasingly hard for scholars to keep up with the latest devel-
opments. Academic search engines, such as Google Scholar and
Semantic Scholar help scholars discover research papers. Auto-
mated summarization for research papers [11] helps scholars triage
between research papers. But when it comes to actually reading
research papers, the process, based on a static PDF format, has
remained largely unchanged for many decades. This is a problem
because digesting technical research papers is difficult 2, 5].

In contrast, interactive and personalized documents have seen
significant adoption in domains outside of academic research. For
example, news websites such as the New York Times often present
interactive articles with explorable visualizations that allow read-
ers to understand complex data in a personalized way. E-readers,
such as the Kindle, provide in-situ context to help readers better
comprehend complex documents, showing inline term definitions
and tracking occurrence of characters in a long novel. While prior
work has focused on authoring support tools [21, 22, 54] that can
reduce effort in creating interactive scientific documents [34, 38],
they have not seen widespread adoption due to a lack of incentive
structure [27]. Furthermore, millions of research papers are locked
in the rigid and static PDF format, whose low-level syntax makes
it extremely difficult for systems to access semantic content, aug-
ment interactivity, or even provide basic reading functionality for
assistive tools like screen readers [6].

Fortunately, recent work on layout-aware document parsing [39,
86, 104] and large language models [4, 10, 83] show promise for
accessing the content of PDF documents, and building systems that
can better understand their semantics. This raises an exciting chal-
lenge: Can we create intelligent, interactive, and accessible reading
interfaces for research papers, even atop existing PDFs?
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Figure 1: The Semantic Reader Project consists of research, product, and open science resources. The Semantic Reader product!
is a free interactive interface for research papers. It supports standard reading features (e.g., (A) table of contents), integration
with Semantic Scholar (e.g., (B) save to library), useful augmentations atop the existing PDF (e.g., (C) in-situ Paper Cards when
clicking inline citations), and integration with third-party features (e.g. (D) Hypothes.is® for user highlights). We continues to
integrate research features into this product as they mature (e.g., (E) Scim automated highlights §3.1).

To explore this question, we present the Semantic Reader
Project, a broad collaborative effort across multiple non-profit,
industry, and academic institutions to create interactive, intelligent
reading interfaces for research papers. This project consists of three
pillars: research, product, and open science resources. On the re- how support for non-linear reading can help readers con-
search front, the Semantic Reader Project combines Al and HCI sume research papers more efficiently.

research to design novel, Al-powered interactive reading interfaces e Comprehension: Research papers can be dense and contain
that address a variety of user challenges faced by today’s scholars. terms that are unfamiliar either because the author newly in-
We developed research prototypes and conducted usability studies troduces them or assumes readers have prerequisite domain
that clarify their benefits. On the product front, we are developing knowledge. In §4, we explore how providing in-situ defini-

the Semantic Reader (Figure 1),! a freely available reading interface tions and summaries can benefit readers especially when
that integrates features from research prototypes as they mature.? reading outside of their domains.

Finally, we are developing and releasing open science resources
that drive both the research and the product. These resources to-
gether open-source software,>'4 Al models [11, 20, 42, 86], and open
datasets [50, 61] to support continued work in this area.

In this paper, we focus on summarizing our efforts under the
research pillar of the Semantic Reader Project. We structure our
discussion around five broad challenges faced by readers of research
papers:

e Discovery: Following paper citations is one of the main
strategies that scholars employ to discover additional rel-
evant papers, but keeping track of the large numbers of
citations can be overwhelming. In §2, we explore ways to
visually augment research papers to help readers prioritize
their paper exploration during literature reviews.

o Efficiency: The exponential growth of publication makes it
difficult for scholars to keep up-to-date with the literature—
scholars need to skim and read many papers while making
sure they capture enough details in each. In §3, we explore

o Synthesis: The sensemaking [84] process of synthesizing
knowledge scattered across multiple papers is effortful but
important. It allows scholars to make connections between
prior work and identify opportunities for future research. In
§5, we explore how to help readers collect information from
and make sense of many papers to gain better understanding
of broad research topics.

o Accessibility: Static PDFs are an ill-suited format for many
reading interfaces. For example, PDFs are notoriously in-
compatible with screen readers, and represent a significant
barrier for blind and low vision readers [6]. Furthermore,
an increasing number of scholars access content on mobile
devices, on which PDFs of papers are difficult to read. In §6,
we explore methods for converting legacy papers to more

!Semantic Reader: https://www.semanticscholar.org/product/semantic-reader accessible representations.

2 Available for over 369K papers as of February 2023.

3For UI development: https://github.com/allenai/pdf-component-library

“4For processing PDFs: https://github.com/allenai/papermage

SHypothes.is: https://web.hypothes.ishttps://web.hypothes.is

Specifically, we present ten research prototypes developed in the
Semantic Reader Project—CiteSee [15], CiteRead [82], Scim [28],
Ocean [75], ScholarPhi [33], Paper Plain [1], Papeo [92], Threddy [43],
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Figure 2: CiteSee [15] highlights citations to familiar papers
(e.g., recently read or saved in their libraries) as well as unfa-
miliar papers to help readers avoid overlooking important
citations when conducting literature reviews. Clicking on
Expand surfaces additional context, such as citing sentences
from recently read papers.

Relatedly [73], and SciA1ly [91, 97]—and explain how they address
these reading challenges. We conclude by discussing ongoing re-
search opportunities in both AT and HCI for developing the future
of scholarly reading interfaces. We provide pointers to our produc-
tion reading interface and associated open resources to invite the
broader research community to join our effort.

2 UNLOCKING CITATIONS FOR DISCOVERY

Scholars use many methods to discover relevant research papers
to read, including search engines, word of mouth, and browsing
familiar venues. However, once they find one research paper, it’s
especially common for scholars to use its references and citations
to further expand their knowledge of a research area. This behavior,
sometimes referred to as forward/backward chaining or footnote
chasing, is ubiquitous and has been observed across many schol-
arly disciplines [74]. Supporting this, one popular feature in the
Semantic Reader! is in-situ Paper Cards that pop up when readers
click on an inline citation, dramatically reducing the interaction
cost caused by jumping back-and-forth between inline citations
and their corresponding references at the end of a research paper
(Figure 1). Despite this affordance, during literature reviews, read-
ers may still be overwhelmed trying to make sense of the tens to
hundreds of inline citations in each paper [15, 24, 77]. Conversely,
when reading a given paper, a reader cannot see relevant follow-on
research papers that cited the current paper. Here we discuss how
interactive reading interfaces can help scholars more effectively
explore citations to important relevant work in both directions with
two systems called CiteSee [15] and CiteRead [82].

2.1 Augmenting Citations with CiteSee

While most prior work on supporting research paper discovery has
focused on developing bespoke interfaces of recommender systems
or visualizations based on paper contents [78, 89], the citation graph
[16, 30, 32, 40, 63, 80, 103], or a combination of the two [20, 96],
research paper discovery via inline citations in a reading interface is
important but under-explored. One study estimates that reading and

exploring inline citations accounts for around one in five research
paper discoveries during active research [49]. However, while all
inline citations are relevant to the current research paper, it is likely
that some are more relevant to the current reader than others. For
example, a reader reading papers about aspect extraction of online
product reviews to learn more about natural language processing
techniques would be less interested in citations to research papers
around e-commerce and marketing. In addition, citations to the same
research papers often have different surface forms across papers
(i.e., reference numbers), making it all the more difficult for readers
to keep track of all the inline citations they should explore or have
already explored during literature reviews.

To address this, CiteSee provides a personalized research paper
reading experience by automatically identifying and resolving in-
line citations in PDFs to research paper entities in our academic
graph [50], and visually augmenting inline citations based on their
connections to the current reader. First, CiteSee leverages a reader’s
reading behavior and history as a way to capture their short-term
and fluid interests during literature reviews. Using this signal, Cite-
See scores and highlights inline citations to help the reader triage
them and discover prior work that are likely relevant to their liter-
ature review topics (Figure 2). Second, CiteSee leverages research
papers saved in the reader’s Semantic Scholar paper library and the
reader’s publication record [50] to understand their longer-term
research interests. Using this signal, CiteSee changes the colors of
the inline citations to familiar papers so that the reader can both
better contextualize the current paper and keep track of citations
to papers they have already explored. In addition, CiteSee also
helps readers better make sense of the cited papers by showing
how they connect to a reader’s previous activities; for example,
showing which library folders they were saved under or the cit-
ing sentences from a familiar research paper (Figure 2). Based on
lab and field studies, CiteSee showed promise that providing vi-
sual augmentation and personalized context around inline citations
in an interactive reading environment can allow readers to more
effectively discover relevant prior work and keep track of their
exploration during real-world literature review tasks.

2.2 Exploring Future Work with CiteRead

While augmenting inline citations helps readers to triage them,
many relevant research papers are not cited in a research paper in
the first place, for example, because they were published afterwards.
CiteRead is a novel reading interface that helps readers discover
how follow-on work has built on or engaged with the research
paper [82]. Much like social document annotation systems [109],
CiteRead annotates text in the paper with margin notes containing
relevant commentary from citing papers [70], thereby helping the
reader to become aware of the citing paper and its connection. In
order to produce these annotations automatically, CiteRead first
filters citing research papers for ones that are most relevant to the
reader using a trained model atop a number of features representing
citational discourse and textual similarity, i.e. from scientific paper
embeddings [20]. CiteRead then localizes citing papers to partic-
ular spans of text in the paper being read, and extracts relevant
information from the citing paper. Figure 3 shows a research paper
annotated with this information from citing papers. Localization is



Chang et al. 2021

3

~' 2 Related Work

2.1 Citations for Exploring

(&)

Mentioned By 2 Citing Papers:

identified by [Chang

called..” [1Save To Library

[iGg) 22 Reacing Interfaces for.

From [Liu et al. 2022]
“In contrast to [Chang et al. 2021, we found that &
£Save To Library

3 Formative Study

Figure 3: CiteRead [82] finds subsequently published citing
research papers, extracts the citation context, and localizes
it to relevant parts of the current research paper as margin
notes. This allows readers to become aware of important fol-
low on work and explore them in-situ.

a technical challenge because while inline citations reference cited
papers, they do not typically reference specific locations in the cited
paper; CiteRead determines location by looking for overlapping
spans of text (e.g., a number in common in the citing paper and
the cited paper) or localizes to the relevant section when this over-
lap is unavailable. With CiteRead, a reader can directly examine
follow-on work while keeping the citation contexts of both the
current paper and the citing paper. In a lab study, CiteRead helped
readers better understand a research paper and its follow-on work
compared to providing readers with a separate interface for faceted
browsing of follow-on work.

3 NAVIGATION AND EFFICIENT READING

An important part of reading a paper is knowing what and where
to read. Scholars often read papers non-linearly; they might return
to a previously-read passage to recall some information, or jump
forward to a different section of the paper (or to another paper) to
satisfy an information need before jumping back. While jumping
can help scholars orient their reading to sections of interest, it
can also be a distraction by causing readers to constantly switch
contexts. Non-linear navigation can be especially burdensome when
the reader is interested in a particular type of information (e.g.,
skimming a paper for the main results), but doesn’t know precisely
where to find it within the paper. In this section we discuss two
systems, Scim [28] and Ocean [75], which demonstrate different
approaches to helping readers navigate efficiently through a paper
toward high-value, relevant information.

3.1 Guided Reading with Scim

Scholarly reading can be considered a type of sensemaking rep-
resented as a continuous interplay between two processes: infor-
mation foraging in which readers identify relevant paper content,
and comprehension in which readers attempt to integrate the new
information into their working model of the paper and with rel-
evant prior knowledge [79, 84]. Distinguishing between relevant
and irrelevant content could help facilitate efficient reading. Paper
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Figure 4: The Scim [28] interface guides reader attention
using color highlights corresponding to discourse facets. A
sidebar allows users to toggle facets on/off. Clicking a color-
coded snippet scrolls the reader to the relevant passage.

abstracts offer one such separation, in essence an author-crafted
determination of relevant content. However, static paper abstracts
can leave readers to desire additional details that then require them
to skim the paper itself.

Scim [28] addresses this problem via an augmented reading
interface designed to guide readers’ attention using automatically-
created in-situ faceted highlights (Figure 4). Though prior work
has explored highlighting as a visual cue for guiding reader atten-
tion [18, 102, 105], the efficacy for reading of scholarly text is less
well-understood. Scim investigated the following design goals for
intelligent highlights in scholarly reading: highlights should be
(1) evenly-distributed throughout a paper, (2) have just the right
density (too few highlights will present the guise of an inept tool,
and too many will slow a reader down), and (3) highlight several
key categories of information in the paper. Because readers often
skim for common types of information, Scim uses a pretrained lan-
guage model [99] to classify salient sentences within papers into
one of four information facets: research objectives, novel aspects
of the research, methodology, and results, coupled with heuristics
that ensure an even distribution of highlights. Usability studies
of Scim have shown these highlights can reduce the time it takes
readers to find specific information within a paper. Readers found
Scim particularly useful when skimming text-dense papers, or for
papers that fell outside their area of expertise. Moreover, readers
learned to use both Scim’s inline highlights and a sidebar summary
of highlights to augment their existing reading strategies.

3.2 Low-Vision Navigation Support and
Reader-Sourced Hyperlinks with Ocean

The task of navigating between sections and retrieving content
can be particularly challenging for blind and low-vision readers
due to limitations in auditory information access or small view-
ports under high magnification [90]. Even when related content
is linked, a small viewport can make navigation difficult and ne-
cessitate scrolling [75]. Most existing tools such as for auditory
skimming [45] do not address such challenges associated with low-
vision and magnification.
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Ocean [75] minimizes scrolling requirements for low-vision read-
ers by providing bi-directional, viewport-preserving hyperlinks that
enable navigating to and from associated content without disrupt-
ing the viewport. Based on reported findings from interviews with
low-vision readers, Ocean also allows for easily revisiting portions
of the paper with tabbed reading. Since papers do not always pro-
vide hyperlinks and automated link creation is imperfect, Ocean
includes an authoring interface that allows readers to create and
share paper links during reading. An exploratory field deployment
study with mixed-ability groups of low-vision and sighted readers
revealed that readers found value in creating and consuming these
links, and that reader-created links can increase trust.

4 IN-SITU EXPLANATIONS FOR BETTER
COMPREHENSION

Could an augmented reading application help readers understand
a paper by reducing the cognitive load associated with reading a
paper? In this section, we discuss several ways in which interac-
tive reading aids can help a reader understand a paper with less
work through three systems: ScholarPhi [33], PaperPlain [1] and
Papeo [92]. In particular, papers can be augmented with definitions
of terms and symbols, provide plain-language summaries of paper
passages, and connect readers with alternative forms of expres-
sion (for instance, video clips of research talks) that offer more
approachable explanations of the paper’s content.

4.1 Defining Terms and Symbols with
ScholarPhi

Understanding a paper requires understanding its vocabulary. How-
ever, this is by no means an easy task—a typical paper may contain
dozens of acronyms, symbols, and invented terms. And often, these
terms appear without accompanying definitions [69]. How can we
design interactive aids that present definitions of terms when and
where readers most need them? ScholarPhi [33] takes as its basis
the term gloss—an extension to a reading interface that shows a
reader an explanation of a phrase when they click it. Glosses ap-
peared in early research interfaces for reading hypertext [107] and
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Figure 5: ScholarPhi [33] shows definitions of terms and
symbols in pop-up tooltips. When a reader selects a formula,
all known definitions of symbols are shown simultaneously.
To letreaders select nested symbols (e.g., “h” in “Vh(j ) ”), Schol-
arPhi supports “drill-down” subsymbol selection.
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Figure 6: Paper Plain [1] provides in-situ plain language
summaries of passages called “gists” to help readers who are
overwhelmed by complex textual passages. Readers access
gists by clicking a flag next to a section header. These gists
are generated by large language models.

have since become part of widely-used reading interfaces including
Wikipedia and Kindle.

That said, familiar gloss designs do not work well for scientific
papers, where glosses run the risk of distracting readers, terms have
multiple meanings, and phrases (specifically math symbols) are dif-
ficult to unambiguously select. The ScholarPhi design addresses
these challenges. First, it aims to reduce distraction by showing def-
initions with high economy: glosses show multiple definitions and
and in-context usages within a compact tooltip. Second, it provides
position-sensitive definitions, revealing definitions that appears
most recently prior to the selected usages of terms. Terms and def-
initions are automatically identified using a pretrained language
model [42]. Finally, it provides easier access to definitions of math-
ematical symbols. Readers can access definitions of both a symbol
and the subsymbols it is made of through a multi-click, “drill-down”
selection mechanism. Furthermore, when a reader selects a formula,
they can see definitions for all symbols at once, automatically placed
adjacent to the symbols in the formula’s margins (see Figure 5).

In a usability study, the above interactions reduced the time
it took readers to find answers to questions involving the under-
standing of terminology. All readers reported they would use the
definition tooltips and formula diagrams often or always if available
in their PDF reader tools.

4.2 Simplifying Complex Passages with Paper
Plain

Helping a reader understand individual terms and phrases only
addresses part of the problem. Papers often contain passages so
dense and complex that individual definitions are not enough to
help someone read the passages, especially if they are a novice
or non-expert in a field [9]. Can we make complex texts more
approachable by incorporating plain language summaries in the
margins of the text? With Paper Plain [1], when a reader encounters
a section they find difficult to read, they can access a plain language
summary of that section by clicking a button adjacent to the section



header (see Figure 6). These summaries are generated by prompting
a large language model with section text [10].

Furthermore, Paper Plain helps guide readers using these sum-
maries as an “index” into the text. A sidebar containing questions
a reader may have about the text (e.g., What did the paper find?
or What were the limitations?) provides links into answering pas-
sages identified using a question-answering system [106] alongside
their associated plain language summaries. These features were
designed to help readers understand the “gist” of passages that
contain unfamiliar vocabulary, providing support beyond that of
individual term definitions. Drawing inspiration from prior interac-
tive reading affordances for term definitions [41], in-situ question
answering [17, 108], and guiding reading [26], Paper Plain seeks
to bring these features together into a holistic system capable of
supporting reading of a paper by a non-expert readership. In a us-
ability study, readers made more frequent use of passage summaries
than definition tooltips when both were available, suggesting the
potential value of plain language summaries as allowing readers
to bypass definitions of individual terms when acquiring a broad
understanding of a paper.

4.3 Fusing Papers and Videos with Papeo

Sometimes, the best explanation of an idea is non-textual. Videos
can enhance understanding [65] while also requiring less mental
load [66], and various tools have been designed to facilitate search-
ing and browsing for explanations in informational videos such
as lectures [47, 52, 57, 76] and tutorials [46, 48, 93]. Similarly, for
research papers, an algorithm might be better explained through an
animation, a user interface might be better showcased through an
screen recording, compared to the proses of a paper [37]. Instead
of consuming the two formats independently, could interactive
reading interfaces offer readers access to these alternative, more
powerful descriptive forms as they read? For this, Papeo [92] was
developed as a tool that supplements papers with more engaging,
concise, dynamic presentations of information by linking excerpts
of talk videos to corresponding paper passages. To grant authors
more control over how their work is presented, we developed an Al-
supported authoring interface for linking paper passages and videos
efficiently: candidate passages are linked to excerpts of videos as
suggestions using a pretrained language model [100], and an author
interactively confirms or refines them.

Unlike text-skimming with Scim (§3.1) and Paper Plain (§4.2),
video-skimming in Papeo combines multiple modalities to explain
complex information. For example, instead of reading a long text
description of an interactive system, readers could see the system’s
behavior in a screen recording video with the author’s commentary,
and switch to corresponding passages to see implementation details
or design motivations if desired. Our early-stage evaluations of
Papeo suggest that readers can use these interactions to fluidly
transition between watching video and reading text, using video to
quickly understand, and then selectively descending into the text
when they desire a detailed understanding of the paper.

5 SCAFFOLDING SYNTHESIS WITH RELATED
WORK SECTIONS

Scientific breakthroughs often rely upon scholars synthesizing mul-
tiple published works into broad overviews to identify gaps in the
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Figure 7: Papeo [92] enables authors to map segments of talk
videos to relevant passages in the paper, allowing readers to
fluidly switch between the two formats. Color-coded bars
show the mapping between the two formats, and allow read-
ers to scrub through video segments for quick previews.

current literature [81]. For this, scholars periodically compile sur-
vey articles to help other scholars gain a comprehensive overview
of important research topics. For example, some fields have ded-
icated outlet for such articles (e.g., the Psychological Bulletin [5]).
However, survey articles require significant time and effort to syn-
thesize, and can quickly become outdated with the exponential
growth of scientific publication [7].

Instead, scholars in fast-paced disciplines often rely on the re-
lated work section when they need to better understand the broader
background when reading a paper. While related work sections also
summarize multiple prior works, unlike comprehensive survey arti-
cles, they typically provide partial views of the larger research topic
most relevant to a single paper. There is an opportunity to build bet-
ter tooling for scholars to consume and synthesize multiple related
work sections across many papers to gain richer and more compre-
hensive overviews of fast-paced domains. The Threddy [43] and
Related [73] projects explored this opportunity using two different
approaches: clipping and organizing research threads mentioned
across papers [43], and directly exploring and reading related work
sections extracted across many papers [73].

5.1 Clipping and Synthesizing across Papers
with Threddy

Clipping and note-taking is one common approach to supporting
synthesis across multiple documents. Prior work has pointed to
the importance of tightly integrating clipping and synthesis sup-
port in the reading process, and how incurring significant context-
switching costs can be detrimental to sensemaking [51, 79, 84].
Therefore, recent work has developed tools aimed at reducing the
cognitive and interaction costs of clipping [12, 60] and structur-
ing [13, 53, 58, 59, 88] to support everyday online researchers [13],
programmers [58], and students [88]. However, designing clipping
and synthesis support tools for research papers is relatively under-
explored and introduces exciting new research opportunities. For
example, additional organizational structures for literature reviews
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(e.g., threads of prior work instead of tables [13, 58]), and research
paper discovery (e.g., based on inline citations in clipped text).

For this, Threddy [43] is a thread-focused clipping tool integrated
into scholars’ paper reading process to support literature review
and discovery. Using Threddy, readers can select and save sentences
into a sidebar from the related work sections of a paper. The sys-
tem maintains rich context for each clip, including its provenance
and inline citations. This allows readers to navigate back to the
clipped paper and cited papers afterward. In the sidebar, readers
can further organize clips collected across papers into a hierarchy
of threads to form their view of the research landscape. The content
of the sidebar is preserved across papers that were read over time,
and provides valuable context for subsequent reading based on
the emerging threads of research the reader have curated. Finally,
readers can further expand their coverage by exploring paper rec-
ommendations for each thread, based on the referenced papers in
the corresponding clips. A lab study showed that Threddy was able
to lower the interaction costs of saving clips while maintaining
context, allowed participants to curate research threads without
breaking reading flows, and discover interesting new papers to
further grow their understanding of the research fields.

5.2 Reading and Exploring Related Work
Sections across Papers with Relatedly

In contrast to Threddy, which aims to improve readers’ existing
literature review process through enhanced in-situ clipping and
synthesis [43], the Relatedly system introduced a novel workflow
that allows readers to explore many related work sections across
papers in an interactive search and reading interface to quickly
gain a comprehensive overview of rich research topics [73]. While
prior work have explored providing overview structure of multiple
documents based on citations [16, 80], semantic similarity [36, 85],
or human computation [14, 31, 62], they could still lead to com-
plex structures that are hard to interpret [35] or require significant
crowdsourcing efforts. Relatedly sidesteps these issues by reusing
existing related work paragraphs in published papers which already
cite sets of related references with descriptions connecting them
[73]. As an example, consider a scholar trying to better understand
the space of online misinformation. With online misinformation as
the query term, Relatedly shows the reader a list of paragraphs
that describe and cite multiple relevant prior work. Using a pre-
trained language model for summarization [56], Relatedly generates
short and descriptive titles for each paragraph, and uses a diversity-
based ranking algorithm so that the reader can quickly see and
explore paragraphs describing different research threads, such as
Fact Checking Datasets, Social Media and Misinformation, and Fake
News Detection Techniques.

One challenge here is that paragraphs of the same threads often
cite overlapping prior work, making them hard to explore and read
while keeping track of which papers were new versus already ex-
plored. For this, Relatedly provides reading and cross-referencing
support by keeping track of paragraphs and references explored by
the readers. This allows Relatedly to help readers prioritize their
reading for both breadth and depth. Specifically, Relatedly dynam-
ically re-ranks paragraphs and highlights sentences to spotlight
unexplored and dissimilar references for breadth, but also allow

readers to explore clusters of paragraphs that cited similar refer-
ences for depth. A usability study comparing Relatedly to a strong
document-centric baseline showed that Relatedly led to participants
writing summaries that were rated significantly more coherent, in-
sightful, and detailed after 20 minutes of literature review.

6 DYNAMIC DOCUMENTS FOR IMPROVED
ACCESSIBILITY

A range of disabilities cause people to read scientific documents
using a wide variety of devices and reading tools. For example,
blind and low vision readers may use assistive reading technology
such as screen readers, screen magnification, or text-to-speech to
read documents [90]. Furthermore, people without disabilities face
situational impairments, such as the inability to view a screen while
driving or may have a preference for consuming content on a small,
mobile device.

Many of these reading tools, such as screen readers, do not
function properly on document formats designed for print such as
PDF unless the document has been manually post-processed to add
information about reading order, content type, etc., which is rarely
performed on scientific documents [6, 98]. Further, certain content
elements such as figures require the addition of alternative text in
order to be read aloud at all (figure captions typically assume the
reader can see the figure and do not provide the same semantic
content as alt text). High magnification reduces the viewport (the
amount of visible content) and can dramatically increase the amount
of scrolling and panning required, especially for multi-columnar
formats that are commonly used by scientific documents. Visual
scanning for information may be impacted or unavailable in these
settings, making it more difficult to find and navigate between
content in the document [75].

One way to render legacy PDF content more accessibly is to parse
and convert it into a more flexible format, such as XML or HTML,
which can then be formatted for mobile devices and augmented
for reading by screen readers. The SciA11y system® demonstrates
this approach, automatically converting 12M academic PDFs to
HTML [97]; a user study with blind and low vision participants
demonstrated strong user appreciation of the output, though some
errors remain (e.g., failing in certain cases to distinguish footnotes
from body text, difficulty parsing math equations) [98]. When avail-
able, alt text can be automatically categorized into semantic content
types, enabling new reading experiences that allow skipping or
prioritizing certain types [19]. Other approaches provide comple-
mentary benefits, such as interfaces tailored for low-vision readers
(§ 3.2), as well as the range of reading support systems outlined
above.

7 DISCUSSION AND FUTURE WORK

There are additional directions to explore to better support scholarly
activities through the Semantic Reader Project.

Towards a full-featured reading experience. One question is how
to integrate the different kinds of functionality across these projects
into one coherent user interface, especially as we migrate research
features into the production interface. Another question is how

A demo of a subsequent version is available at https://papertohtml.org/
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to develop support for the oftentimes social and collaborative na-
ture of scholarly reading. Scholars frequently leverage their social
networks and other social signals for paper discovery [44], work
in groups to conduct literature review triage and synthesis, or en-
gage in reading group discussions to aid comprehension. Existing
augmentations within the Semantic Reader product could imbue
social information, such as providing signals from one’s co-author
network (e.g., in CiteSee §2.1) or aggregate navigation traces (e.g.,
in Scim §3.1). The publicly-available Semantic Reader tool could
also scaffold the creation of novel crowd- or community-sourced
content, such as author- or reader-provided explanations, commen-
tary, or verification of paper content. Finally is the question of how
we can allow the scholarly community to step in where current Al
systems fall short, such as by fixing improperly-extracted content
or incorrect generated text which are especially problematic for
interfaces such as SciA1ly (§6).

Advancing Al for scholarly documents. The Semantic Reader
Project presents an opportunity for further Al research in scholarly
document processing, especially when paired with human-centered
research grounded in user-validated systems and scenarios. The
bar for deploying AI models to support real-world reading is high;
we often found during iterative design and usability studies that
even slight errors in these models can have detrimental effects on
the readers. Until recently, interface design could require months
of development of bespoke Al models which creates a barrier for
quickly iterate different system designs. Recent advancements in
scaling large language models (LLMs) has altered this landscape
by enabling researchers to experiment with a wide range of new
NLP capabilities at relatively low cost [10]. This has the potential of
significantly lowering the cost of human-centered Al design by in-
corporating user feedback in earlier stages of system development
to create Al systems that work in symphony with the users beyond
pure automation [87]. For example, when developing Paper Plain
(§4.2), LLMs enabled us to quickly test different granularities and
complexity-levels of plain language summaries with participants,
eschewing the need for expensive changes to data requirements and
model retraining. In the near-term, we will revisit interface designs
relying on bespoke Al models to evaluate whether LLMs can close
the gap between research prototype and ready-for-production (e.g.,
more accurate definition identification for ScholarPhi §4.1). Longer-
term, we will explore whether LLMs can power new interactions
(e.g., user-provided natural language queries while reading [23, 95]).
While recent work has shown that these models can occasionally
make critical errors or generate factually incorrect text when pro-
cessing scientific text [72], we remain cautiously optimistic about
developing ways to address their limitations [25, 55].

Ethics of augmented papers. Finally, all the new interfaces for
reading that we propose pose a number of important ethical con-
siderations that will require further research and discussion. One
aspect that arises with any system for elevating certain papers
or certain content over others is bias. For instance, using signals
such as citation counts faces the risk of a “rich get richer” bias,
which can reflect other kinds of documented biases [3, 64, 101]. As
a result, systems such as CiteSee (§2.1) or Relatedly (5.2) should
carefully consider additional signals of relevance such as semantic
similarity to surface newer and overlooked papers. Another tension
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that we have encountered is the potential discrepancy between
author desires and reader desires for how a work is presented and
how much control to provide authors. For instance, in our work on
Papeo (§4.3), we found that authors desired control over placement
of their talk video snippets, even as they found automated mapping
support to be helpful. In other cases, authors might not have the
requisite expertise (e.g., they may not have a good sense of reader
needs or what non-experts are confused by) or may have the wrong
incentives. Future work should consider author perspectives on
these augmented experiences. A related issue is around systems for
more efficient reading or synthesis, which may encourage readers
to take shortcuts that lead to incorrect understanding, sloppy re-
search, or even outright plagiarism. Instead of simply seeking to
increase reading throughput uniformly, our systems should enable
triage, so that readers can dedicate time for thoughtful and careful
reading when the content is important. For instance, our systems
could design pathways that, while they may be more efficient, do
not obfuscate the full context (e.g., Scim §3.1), and that encourage
good practices such as verification and provenance tracing. A final
consideration is around what is ethical reuse of a paper’s contents
to support reader experiences outside of that paper and its licensing
implications. For instance, CiteRead (§2.2) extracts paper citances
and places them in the cited paper, and Relatedly (§5.2) extracts
related work sections from different papers for users to explore.
Recent trends in open science and datasets [29, 61, 67, 68] point to
a promising future where we could continue to explore different
ways to remix and reuse scholarly content across context so that
future scientists can take fuller advantage of prior research.

8 CONCLUSION

This paper describes the Semantic Reader Project, which currently
consists of ten research prototypes focusing on supporting scien-
tists around Discovery [15, 82], Efficiency [28, 75], Comprehen-
sion [1, 33, 92], Synthesis [43, 73], and Accessibility [91, 97] when
reading research papers. Validating our approach of augmenting
existing PDFs of research papers, we have seen tremendous adop-
tion of the freely-available Semantic Reader product! which has
grown to 10k weekly users.” While we focused on augmenting PDF
documents to support common scholar reading practices, all of
our reading interfaces are built with web technologies—allowing
these novel interactions to extend to future publication formats
which can be rendered in web browsers. We plan to continue exper-
imenting with novel Al-powered intelligent reading interfaces, as
well as migrating successful interactive features into the product.
Finally, we offer a collection of freely-available resources to the
larger research community, including datasets of open-access re-
search papers [61], APIs for accessing the academic citation graph
[50], machine learning models for processing and understanding
research papers [11, 20, 42, 86],4 and open-source software for ren-
dering and augmenting PDF documents for developing reading
interfaces.> We hope by providing these resources we can enable
and encourage the broader research community to work on exciting
novel intelligent reading interfaces for research papers with us.

7 As of late February, 2023
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