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THE EXPONENTIAL GROWTH in the rate of scientific
publication® and increasing interdisciplinary nature

of scientific progress®> makes it increasingly hard for
scholars to keep up with the latest developments.
Academic search engines, such as Google Scholar and
Semantic Scholar, help scholars discover research
papers. Techniques such as automated summarization
help scholars triage research papers.®> But when it
comes to actually reading research papers, the process,
often based on a static PDF format, has remained
largely unchanged for many decades. This is a problem
because digesting technical research papers in their
conventional formats is difficult.?
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In contrast, interactive and per-
sonalized documents have seen sig-
nificant adoption in domains outside
of academic research. For example,
news websites such as the The New
York Times often present interactive
articles with explorable visualiza-
tions that allow readers to under-
stand complex data in a personalized
way. E-readers, such as the Kindle,
provide in situ context to help read-
ers better comprehend complex doc-
uments, showing inline term defini-
tions and tracking the occurrence of
characters in a long novel. While pri-
or work has envisioned how author-
ing tools can reduce effort in creating
interactive scientific documents,®
they have not seen widespread adop-
tion. Furthermore, millions of re-
search papers are locked in the rigid
and static PDF format, whose low-
level syntax makes it extremely dif-
ficult for systems to access semantic
content, augment interactivity, or
even provide basic reading function-
ality for assistive tools such as screen
readers.

Fortunately, recent work on lay-
out-aware document parsing'* and
language models for scientific text?
shows promise for extracting the con-
tent of PDF documents and building
systems that can better understand
their semantics. This raises an excit-

key insights

® The experience of reading information-
dense scientific papers has remained
unchanged in decades, relying on aging
formats with static content and low
accessibility.

m Advances in Al and HCI can power
intelligent, interactive, and accessible
reading interfaces to improve scholarly
reading.

B The Semantic Reader project introduces
novel user interfaces that augment
traditional PDFs to improve reading
experiences for scholars, as shown with
evaluations both in the lab and the wild.

® We have released an open platform
with a public reader tool and software
components for the community to
experiment with their own Al reading
interfaces.
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ing challenge: Can we create intelli-
gent, interactive, and accessible read-
ing interfaces for research papers, even
atop existing PDFs?

To explore this question, we pres-
ent the Semantic Reader Project, a
broad collaborative effort across mul-
tiple non-profit, industry, and aca-
demic institutions to create interac-
tive, intelligent reading interfaces for
research papers. This project consists
of three pillars: research, product,
and open-science resources. On the
research front, we are combining ar-
tificial intelligence (AI) and human-
computer interaction (HCI) research
to design, prototype, and evaluate
novel, Al-powered interactive read-
ing interfaces that address a variety
of user challenges faced by today’s
scholars. On the product front, we are
developing the Semantic Reader (Fig-
ure 1),*afreely available reading inter-
face that integrates features from our
research prototypes as they mature.’
Finally, we are releasing an open-
science research platform® with re-
sources that drive both our research
and product. The platform brings
together open source software,* Al
models,>#¢3* and open datasets®** to
support continued work in this area.

In this article, we summarize our
efforts under the research pillar of
the Semantic Reader Project. We
structure our discussion around five
high-impact opportunities, each with
a dedicated section, to improve the
research-paper reading experience:

» Unlocking Citations for Discovery:
Identifying relevant papers toreadis a
long-standing challenge for scholars.
While exploring citations is a crucial
strategy, making sense of the many
citations encountered while reading
and prioritizing them can be over-
whelming. In this section, the article
explores ways to visually augment re-
search papers to help readers priori-
tize their paper exploration while con-
ducting literature reviews.

» Navigation and Efficient Reading:
The exponential growth of publica-
tion makes it difficult for scholars to
keep up to date with the literature—

a Semantic Reader: https://bit.ly/3Z6BW3L

b Available for over 7.2M papers as of early Au-
gust 2024.

¢ https://openreader.semanticscholar.org

Can we create
intelligent,
interactive, and
accessible reading
interfaces for
research papers,
even atop existing
PDFs?
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scholars need to efficiently read
many papers while making sure they
capture enough details in each. This
section explores how support for
non-linear reading can help readers
consume research papers more effi-
ciently.

» In Situ Explanations for Better
Comprehension: Research papers can
be difficult to understand, due to the
complexity of their text, scientific
terminology, and expectations about
readers’ prior knowledge. In this sec-
tion, the article explores how provid-
ing definitions, summaries, and aux-
iliary non-textual explanations can
benefit reader comprehension.

» Bootstrapping Literature Synthe-
sis with Related Work Sections: The
sensemaking process of synthe-
sizing knowledge scattered across
many papers is effortful but neces-
sary to produce literature reviews or
identify new research opportunities.
This section explores how interfaces
to support reading across many re-
lated work sections can help read-
ers explore different threads of prior
research and make connections be-
tween many papers.

» Dynamic Documents for Improved
Accessibility: Static PDFs are an ill-
suited format for many reading in-
terfaces. For example, PDFs are no-
toriously incompatible with screen
readers and represent a significant
barrier for blind and low-vision read-
ers. Furthermore, an increasing num-
ber of scholars access content on mo-
bile devices, on which PDFs of papers
are difficult to read. In this section,
the article explores methods for con-
verting legacy papers to more acces-
sible representations.

We present research prototypes
developed under our project to il-
lustrate how one might apply AI
assistance paired with interactive
user interface design when tackling
these opportunities. We conclude
by discussing ongoing research op-
portunities in both AI and HCI for
developing the future of scholarly
reading interfaces and provide point-
ers to our open resources to invite the
broader research community to join
our effort.

Unlocking Citations for Discovery
Scholars use various methods to dis-
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cover relevant research papers to
read, including search engines, word
of mouth, and browsing familiar
venues. However, once they find one
research paper, it is especially com-
mon 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 foot-
note chasing, is ubiquitous and has
been observed across many schol-
arly disciplines.’® 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 cita-
tions and their corresponding refer-
ences at the end of a research paper
(Figure 1). Despite this affordance,
during literature reviews, readers
may still be overwhelmed trying to
make sense of the tens to hundreds of
inline citations in each paper.®° Con-
versely, when reading a given paper, a
reader cannot see relevant follow-on
research papers that cited the current
paper. Interactive reading interfaces
can help scholars more effectively ex-
plore citations to important relevant
work in both these directions.
Making sense of inline citations
with personalized context and visual
cues. While most prior work on sup-
porting research paper discovery has
focused on developing bespoke in-
terfaces for recommender systems or
visualizations based on the citation
graph' and paper content,® research
paper discovery via inline citations in
a reading interface is important yet
under-explored. One study estimates
that reading and exploring inline ci-
tations accounts for around one in
five research paper discoveries dur-
ing active research.?’ 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 ex-
ample, 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 re-
search papers around e-commerce and
marketing. In addition, citations to
the same research papers often have

different surface forms across papers
(that is, 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.
Intelligent reading interfaces have
the potential to address these issues
by augmenting inline citations with
personalized visual cues and context to
help a reader spot and make sense of
relevant work amid a sea of encoun-
tered citations. For example, Cite-
See® highlights inline citations with
different colors to signal to a reader
whether a paper has been previously
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encountered or saved, as well as how
it might be relevant to their inter-
ests based on their reading history
and publication record. CiteSee® also
imbues the Paper Cards with person-
alized context to explain how cited
works relate to the reader, such as cit-
ing contexts from other papers that
were familiar to the reader (Figure 2).
While CiteSee focused on surfacing
structured signals (for example, cita-
tions between familiar and unfamil-
iar encountered papers), as the ca-
pability of AI methods increases, an
exciting future direction is to provide
additional personalized explanations

Figure 1. The Semantic Reader Project consists of research, product, and open-science
resources. The Semantic Reader productt is a free interactive interface for research
papers. Semantic Reader supports useful augmentations atop the existing PDF—for

example, (A) in situ Paper Cards when clicking inline citations and integration with
Semantic Scholar, and (B) save to library. We continue to integrate research features
into this product as they mature—for example, (C) Al-generated summaries, (D) CiteSee
personalized context, and (E) Scim automated highlights.
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based on the content of papers; for
example, generating a description of
how an encountered citation may be
relevant to one of the reader’s publi-
cations or how it compares and con-
trasts with a familiar paper saved in
the reader’s library.

Surfacing incoming citations to
enable awareness of follow-on work.
While augmenting inline citations
can help readers better prioritize the
most relevant prior work,® many rel-
evant research papers are not cited in
the first place—in particular, follow-

on work published after the current
paper is not cited. To address this,
reading interfaces could bring addi-
tional citations into the current paper
asannotations, so that readers can be-
come aware of relevant work not cited
in the current paper. For example, tak-
ing inspiration from social document
annotation  systems,* CiteRead®
creates margin notes in the current
paper with citation sentences, or ci-
tances, from citing papers published
afterward, as a form of commentary
on the current paper (Figure 3).

Figure 3. CiteRead® finds subsequently published citing research papers, extracts the
citation context, and localizes it to relevant parts of the current research paper as mar-
gin notes. This allows readers to become aware of important follow-on work and explore

them in situ.
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To produce these annotations au-
tomatically, reading interfaces could
leverage Al to determine which papers
have the most relevant commentary
to surface, so as to avoid overwhelm-
ing the reader with excessive anno-
tation. CiteRead, for example, deter-
mines relevant work using a trained
model that derives signal from cita-
tional discourse and textual similar-
ity—that is, from scientific paper em-
beddings.® Reading interfaces should
also determine how to best localize
margin annotation to a specific posi-
tion in the paper, a particularly chal-
lenging task because citations do not
typically reference specific locations
or passages in a cited paper. To ad-
dress this, CiteRead determines when
it is feasible to localize to particular
spans of text in the paper being read,
and when to fall back to coarser docu-
ment units (for example, sections).
While CiteRead focuses on a paper’s
citances as relevant commentary, an-
other exciting direction is to augment
the current paper with passages from
relevant follow-on work that may fail
to cite the current paper or even with
broader Al-generated commentary.

Navigation and Efficient Reading

In pursuit of efficiency, scholars of-
ten read papers non-linearly. For ex-
ample, they might jump forward and
read only the most relevant parts of a
paper, return to a previously read pas-
sage to recall some information, or
even switch to another paper to look-
up specific information needed to
understand the current paper. While
jumping can help scholars focus their
reading to sections of interest, it can
also be disorienting due to constant
context-switching. Non-linear naviga-
tion can be especially burdensome
when the reader is interested in a par-
ticular ¢ype of information (for exam-
ple, skimming a paper for the main
results) but does not know precisely
where to find it within the paper. In-
teractive reading interfaces can help
readers navigate efficiently through a
paper toward high-value, relevant in-
formation.

Guided skimming with faceted
highlights. Scholarly reading is of-
ten a sensemaking process involving
interleaved foraging for relevant pas-
sages and comprehension of found
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information to integrate it into one’s
existing knowledge. Readers spend a
significant amount of time foraging
for relevant passages of papers, espe-
cially when they skim. A time-pressed
reader might attempt to learn more
from a paper in less time by skim-
ming its abstract, section headers,
text styling, and/or visuals to iden-
tify its most significant information.
That said, skimming in this way may
not connect a reader with the breadth
of significant ideas in a paper.

Reading interfaces can help read-
ers encounter more important ideas
in a paper, in less time. In the Scim*®
project, we augmented the reading
application in a way that helped ex-
pose readers to the breadth of im-
portant ideas in a paper with faceted
(that is, multi-category) highlights.
Scim uses a tuned language model
with custom post-processing to iden-
tify a set of highlights for passages
meriting reader attention. These
highlights are approximately evenly
distributed throughout a paper to en-
courage examination of major ideas
not just in the front matter of the
paper, but in all sections. The high-
lights are tuned to be sparse enough
that they can be rapidly reviewed,
and dense enough so as to avoid the
perception of a tool that “missed” a
passage. Furthermore, they are facet-
ed, representing four kinds of major
paper findings—research objectives,
novel aspects of the research, meth-
odological aspects, and results. Fi-
nally, the highlights are controllable:
Readers can tune the skimming ex-
perience using controls that alter the
density of highlights in the paperas a
whole, or within individual passages.
This project represents a vision of Al
as a helper in foraging for relevant in-
formation in a paper. Tools like Scim
could be yet more powerful with im-
proved Als for identifying relevant
passages, personalization to the in-
formation needs of individual read-
ers, and the ability to point out not
just significant textual content, but
also significant visual content (for ex-
ample, important aspects of figures
and tables).

Reader-sourced hyperlinks for
low-vision navigation support. The
task of navigating between sections
and retrieving content can be par-

As the reliability
of Al improves,
interfaces can
employitasa
means to suggest
or even fully
automate scalable
link creation.

research and advances

ticularly challenging for blind and
low-vision readers due to limitations
in auditory information access or
small viewports under high magnifi-
cation.* A small viewport can make
navigation difficult and necessitate
scrolling,® which is problematic
when the reader needs to jump back
and forth to understand the con-
tent. In-document hyperlinks, like
those in tables of content or inline
references, can help but are typically
unidirectional and do not exist (for
example, jumping between a results
section and relevant experimental
design). Most existing tools do not
address such challenges associated
with low-vision and magnification.
Reading interfaces might minimize
scrolling requirements for low-vision
readers by augmenting the paper
with new hyperlinks. For example,
Ocean® provides bi-directional hy-
perlinks that enable navigating to
and from associated content without
disrupting the viewport. These links
allow for easy revisiting of portions
of the paper with tabbed reading. AI
automation may play an important
role in scalable creation of links to
power such interfaces, though naive
application may not yield desired
results. For example, Ocean found
in an exploratory field-deployment
study with mixed-ability groups of
low-vision and sighted readers that
readers placed greater value in links
curated by teammates over crowd or
machine generations. In lieu of au-
tomation, Ocean includes an author-
ing interface that allows readers to
create and share paper links during
reading, thereby enabling readers to
build shared interpretations of a pa-
per through collaboration. Of course,
as the reliability of AI improves, in-
terfaces can employ it as a means to
suggest or even fully automate scal-
able link creation.

In Situ Explanations for

Better Comprehension

One foundational promise of intel-
ligent reading aids has been to help
readers better understand a docu-
ment by extending their cognition.
Existing tools have approached this
by surfacing relevant information in
situ through on-demand tooltips. A
classical example is the embedded
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term gloss—an extension to a reading
interface that shows a reader an ex-
planation of a phrase when they click
it. Glosses appeared in early research
interfaces for reading hypertext* and
have since become part of widely used
reading interfaces including Wikipe-
dia and Kindle. Well-executed glosses
have been shown to reduce the time
it takes readers to find answers to
questions involving the understand-
ing of terminology.!* In this section,
we consider the various forms these
in situ explanations might take atop
research papers, ranging from famil-
iar aids like definitions of terms and
symbols, to more novel augmenta-
tions, such as plain-language sum-
maries of paper passages and alterna-
tive forms of expression beyond text
(for example, embedded video).
Understanding terms and symbols
with on-demand, in situ definitions.
Understanding a paper requires un-
derstanding the vocabulary it uses,
including acronyms, symbols, and in-
vented terms. However, this is by no
means an easy task; a typical paper
may contain dozens of such terms.
Ideally, readers would be able to sum-
mon informative definitions with lit-
tle effort. In the context of scientific
papers, familiar gloss designs work
less well at helping readers under-
stand terms. One reason is that terms
can have multiple senses in a single
paper, so a gloss would ideally need to
select the sense that matches the con-
text. Another reason is that a reader
may rely on usages of a term, and not
just its definitions, to understand its
meaning. This is especially the case
when terms lack explicit definitions.
Intelligent reading interfaces
might bring about more effective
glosses for scientific papers by pro-
viding context-relevant explanations
that provide access to the sum of
information about a term. Scholar-
Phi,"” for example, favors definitions
that appear just before a term’s us-
age when a term has multiple defi-
nitions. Furthermore, ScholarPhi’s
glosses consolidate information of
all kinds, providing access to all defi-
nitions, descriptions, and in-context
usages in a compact widget. Finally,
to define complex mathematical for-
mulas, ScholarPhi presents its expla-
nations with high economy, show-

Intelligent reading
interfaces might
bring about more
effective glosses
for scientific
papers by providing
context-relevant
explanations that
provide access

to the sum of
information about a
term.
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ing definitions for all symbols (and
nested sub-symbols) at once, auto-
matically placed adjacent to them in
the formula’s margins (see Figure 5).
Additional advances in AI could lead
to even better experiences for un-
derstanding terms. For instance, Al
could be used to generate definitions
of terms and symbols even when no
explicit definitions are supplied in
the text.?® Furthermore, AI could be
used to identify and prioritize which
terms to define for users, and how to
explain them in approachable terms,
should they have an accurate model
of what the reader knows.
Simplifying complex papers with
passage-level plain-language sum-
maries. Helping a reader understand
individual terms and phrases ad-
dresses only part of the problem. Pa-
pers often contain passages so dense
and complex that individual defini-
tions are not enough to help someone
read." Can AI be brought into reading
applications to make such passages
understandable? One solution is to
incorporate techniques for plain-
language summarization to remove
jargon and make passages more ap-
proachable. Yet, while modern Al can
produce plain-language summaries
of long texts, it is not clear how these
can enhance the reading experience
of the original document. For ex-
ample, simply attaching a plain-lan-
guage summary to a paper does not
help as papers are read non-linearly;
such summaries can even detract
from reading the original paper.
Intelligent reading interfaces can
grant readers access to plain-lan-
guage summarization for any pas-
sage when and where they need them.
For example, in Paper Plain,' when
a reader encounters a difficult sec-
tion, clicking on a button adjacent to
the section header brings up a gener-
ated summary of that section in the
paper margin (see Figure 6). To help
readers who are so overwhelmed that
they do not even know where to begin
reading, Paper Plain greets them with
a sidebar of questions (for example,
What did the paper find? or What were
the limitations?),links to automatical-
ly extracted answering passages, and
language-model-generated plain-lan-
guage summaries of those answer-
ing passages. Taken together, these
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passage-level summaries provide an
“index” into the paper’s text, help-
ing readers understand the “gist” of
complex passages. For a tool like Pa-
per Plain to see widespread use, sev-
eralissuesin Al need to be addressed.
First, how can simplifications be
generated without hallucinations, so
that a reader can be confident that a
simplification accurately reflects the
findings of the underlying paper?
This is particularly important for do-
mains such as biomedicine, where an
inaccurate simplification could lead
to a reader making dangerous health
decisions. Second, how can Al be op-
timized to support rapid, on-demand
simplification of any passage, large
or small, that a reader selects?
Fusing papers and presentation
videos to create engaging multimod-
al experiences. Sometimes, the best
explanation of an idea is non-textual.
For example, an algorithm might be
better explained through an anima-
tion, and a user interface might be
better showcased through a screen
recording, as opposed to the prose
of a paper. Instead of consuming the
two formats independently, could
interactive reading interfaces offer
readers access to these alternative,
more powerful descriptive forms as
they read? One approach is for read-
ing interfaces to align external media
with the paper text and allow reader
traversal in one medium to automati-
cally trigger traversal in the other. For
example, in Papeo,?® paper passages
are linked to excerpts of talk videos,
and readers skimming through the
paper will see corresponding jumps
in the video (and vice versa). Unlike
text-skimming with Scim and Paper
Plain, video-skimming in Papeo com-
bines multiple modalities to explain
complex information. For example,
instead of reading a long text descrip-
tion of a complex, dynamic system,
readers can see the system’s behav-
ior in a video recording or animation
along with the author’s commentary.
As observed in Papeo’s studies, read-
ers can use these interactions to flu-
idly transition between watching
video and reading text, using video to
quickly get an overview and then se-
lectively descend into the text when
they desire a more detailed under-
standing of the paper. Finally, AI can

be an effective means to automate
alignment between paper passages
and video excerpts; in fact, Papeo
developed an Al-supported author-
ing interface in which these links are
derived using a pretrained language
model and surfaced as suggestions
for an author to interactively confirm
or refine.

Bootstrapping Literature Synthesis
with Related Work Sections

Scientific breakthroughs often rely
upon scholars synthesizing multiple
published works into broad overviews
to identify gaps in the current litera-
ture.** For this, scholars periodically
compile survey articles to help other
scholars gain a comprehensive over-
view of important research topics. For
example, some fields have dedicated

research and advances

outlets for such articles (for instance,
the Psychological Bulletin). However,
survey articles require significant
time and effort to synthesize, and
they can quickly become outdated
with the exponential growth of sci-
entific publication.* Instead, scholars
in fast-paced disciplines often rely on
the related work section when they
need to better understand the broad-
er background when reading a paper.
While related work sections also sum-
marize multiple prior works, unlike
comprehensive survey articles, they
typically provide partial views of the
larger research topic most relevant to
a single paper. There is an opportu-
nity to build better tooling for schol-
ars to read and synthesize related
work sections across many papers to
gain richer and more comprehensive

Figure 5. ScholarPhi'? 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

let readers select nested symbols (for example, “h” in “V{)”), ScholarPhi supports “drill-
down” sub-symbol selection.
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Figure 6. Paper Plain® provides Al-generated plain-language summaries of passages

called “gists” to help readers who are overwhelmed by complex textual passages. Read-
ers access gists by clicking a flag next to a section header.
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recognize and interact with

antigens. The successful

findings that emerged from

preclinical research paved the ©—> 2.2.2 CDR1-based
way for further clinical studies ¢~ &

in human disease.

2.3 Peptibodies
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overviews of unfamiliar research top-
ics. For example, interactive reading
interfaces might provide integrated
tools for clipping and organizing re-
search threads mentioned across
papers, and even support readers di-
rectly exploring and reading related
work sections extracted across many
papers.

Collecting and curating research
threads by clipping and synthesizing
across papers. Saving clips and orga-
nizing them is one common approach
to supporting synthesis across multi-
ple documents. This is especially im-
portant during literature review, in
which scholars often save clips from
related work sections that organize
and summarize different relevant
papers. Prior work has pointed to
the importance of tightly integrating
clipping and synthesis support in the
reading process, and how incurring
significant context-switching costs
can be detrimental to sense-making.
Therefore, recent work has developed
tools aimed at reducing the cognitive
and interaction costs of clipping and
triaging information * to support ev-
eryday online researchers. However,
designing clipping and synthesis sup-
port tools for research papers is rela-
tively under-explored and introduces
exciting new research opportunities.

Better clipping and synthesis sup-
port has the potential to lower inter-
action and cognitive costs, as well
as improve awareness and discovery
during literature review (for example,

to help readers form their view of the
research landscape). Systems such as
Threddy' and Synergi'® allow readers
to clip sentences from different pa-
pers and organize them into a hierar-
chy of “threads.” These reading inter-
faces maintain rich context for each
clipped snippet, keeping track of its
provenance and resolving any inline
citations that appear in the snippet
to their corresponding papers. Based
on the textofthe clipsand theirinline
citations, Synergi' traverses thou-
sands of neighboring papers in the
citation graph and generates sum-
maries of relevant research threads
(and their associated papers) to ex-
pand the readers’ exploration and
coverage. As Al capabilities improve,
there is a corresponding opportunity
for human-AI interaction research to
develop novel systems and interac-
tions that can better support com-
plex synthesis tasks by allowing read-
ers to express their research interests
via natural language (for example,
clipped sentences) and to generate
richer summaries over larger collec-
tions of documents based on reader
interests.

Understanding research land-
scapes by reading and exploring re-
lated work sections across papers. In
contrast to providing synthesis sup-
port for individual papers, a comple-
mentary approach allows readers to
directly search and extract related
work passages across many papers.
The intuition here is that while any

Figure 7. Papeo?® 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 readers to scrub through video

segments for quick previews.
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single related work section may be
missing important citations relevant
to a reader’s research topic, piecing
together related work passages across
many papers in a single reading inter-
face can provide readers with a rich
and comprehensive overview of a re-
search topic. However, unlike read-
ing full papers, reading a collection
of extracted passages presents novel
research challenges due to their lack
of navigational structures (for ex-
ample, sections). Further, related
work passages relevant to the same
research topic often cite overlapping
prior work, making them hard to ex-
plore and read while keeping track of
which papers are new versus already
explored.

Intelligent reading interfaces can
empower scholars to efficiently ex-
plore research landscapes by directly
supporting this novel reading pro-
cess over extracted related work pas-
sages. For example, systems such as
Relatedly® give readers the ability to
organize passages into meaningful
topics and subtopics by augmenting
each passage with language-model-
generated descriptive titles and orga-
nizing them using a diversity-based
ranking algorithm that highlights
different research threads. For ex-
ample, when exploring related work
paragraphs about “misinformation”,
the first few passages returned by Re-
latedly may be titled “Fact Checking
Datasets”, “Social Media and Misin-
formation”, and “Fake News Detec-
tion Techniques” as opposed to high-
ly similar passages all titled “Related
Work” or “Background.” Additionally,
when scholars explore inline cita-
tions across many passages, Related-
ly provides cross-referencing support
by keeping track of passages and ref-
erences visited by the reader which, in
turn, allows the reading interface to
dynamically re-rank passages to pro-
mote unexplored threads.

Dynamic Documents for

Improved Accessibility

A range of disabilities cause people
to read scientific documents using
a wide variety of devices and read-
ing tools. For example, blind and
low-vision readers may use assistive
reading technology, such as screen
readers, screen magnification, or
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text-to-speech to read documents.?®
Furthermore, people without disabil-
ities face situational impairments,
such as the inability to view a screen
while driving or may prefer consum-
ing content on a small, mobile device.

Many of these reading tools, such
as screen readers, do not function
properly on document formats de-
signed for print, such as PDF, unless
the document has been manually
post-processed to add information
about reading order, content type,
and so on, which is rarely performed
on scientific documents.?® Further,
certain content elements, such as fig-
ures, require the addition of alterna-
tive 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 con-
tent as alt text). High magnification
reduces the viewport (the amount
of visible content) and can dramati-
cally increase the amount of scrolling
and panning required, especially for
multi-columnar formats commonly
used by scientific documents. Visual
scanning for information may be
impacted or unavailable in these set-
tings, making it more difficult to find
and navigate between content in the
document.*

One way to render legacy PDF con-
tent more accessibly is to parse and
convert it into a more flexible for-
mat, such as XML or HTML, which
can then be formatted for mobile de-
vices and augmented for reading by
screen readers. The SciAlly system?
demonstrates this approach, auto-
matically converting 12M academic
PDFs to HTML.* In a user study with
blind and low-vision participants, we
observed strong user appreciation of
the output, though some errors re-
main (for example, failing in certain
cases to distinguish footnotes from
body text, difficulty parsing math
equations).’® When available, alt text
can be automatically categorized
into semantic content types, en-
abling new reading experiences that
allow skipping or prioritizing certain
types.” Other approaches provide
complementary benefits, such as in-
terfaces tailored for low-vision read-

d A demo of a subsequent version is available at
https://papertohtml.org/

The Semantic
Reader project
has made inroads
into accelerating
and improving the
process of reading
static scientific
documents.
However, much
more research
remains to be done.

research and advances

ers (for example, in Ocean), as well as
the range of reading-support systems
outlined above.

Discussion and Future Work

The Semantic Reader project has
made inroads into accelerating and
improving the process of reading
static scientific documents. However,
much more research remains to be
done.

Advancing Al for scholarly docu-
ments. The development of intelligent
reading interfaces presents an oppor-
tunity for further Al research in schol-
arly document processing, especially
when paired with human-centered
research grounded in user-validat-
ed systems and scenarios. Until re-
cently, interface design could require
months of development of bespoke
Al models, which creates a barrier
for quickly iterating on different sys-
tem designs. Recent advancements in
scaling language models has altered
this landscape by enabling research-
ers to experiment with a wide range
of new natural-language processing
(NLP) capabilities at relatively low
cost. This has the potential of signifi-
cantly lowering the cost of human-
centered AI design by incorporating
user feedback in earlier stages of in-
terface and model development to cre-
ate AI systems that work in symphony
with the users beyond pure automa-
tion.** While recent work has shown
that these models can occasionally
make critical errors or generate fac-
tually incorrect text when processing
scientific text,?® we remain cautiously
optimistic about developing ways to
address their limitations.

Collaborative reading experienc-
es. Research is often done in a collab-
orative manner, and to date we have
mostly focused on improving the ex-
perience of individual readers. How
might we develop support for the
oftentimes social and collaborative
nature of scholarly reading? Schol-
ars frequently leverage their social
networks and other social signals
for paper discovery,'® work in groups
to conduct literature review triage
and synthesis, or engage in reading
group discussions to aid comprehen-
sion. Existing augmentations within
the Semantic Reader product could
imbue social information, such as
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[l providing signals from
one’s co-author net-
work (for example, in
CiteSee) or aggregate
navigation traces (for
example, in Scim). Our publicly re-
leased data and software for building
reading interfaces should also scaf-
fold the creation of novel crowd- or
community-sourced content, such as
author- or reader-provided explana-
tions (for example, in Papeo), reading
aids (for example, in Ocean), com-
mentary (for example, in CiteRead),
or verification of paper content. Fi-
nally, we wonder how the scholarly
community can be empowered to
step in where current AI systems
fall short, such as by fixing improp-
erly extracted content or incorrect
generated text, which are especially
problematic for interfaces such as
SciAlly. In fact, one promising ave-
nue is to mitigate or even eschew the
problem of deriving augmentations
post-publication by developing bet-
ter tools for authors to tag or prepare
their works ahead of time to be con-
sumed by users of modern reading
interfaces.

Ethical consideration of augment-
ing papers. Finally, this research
opens new ethical considerations.
For instance, any system that elevates
certain papers or certain content
over others introduces a form of bias.
Systems that rely on citation graph
signals, such as CiteSee or Relatedly,
should carefully consider additional
signals of relevance, such as seman-
tic similarity to surface newer and
overlooked papers. Another tension
is the potential discrepancy between
author desires and reader desires
for how a work is presented and how
much control to provide authors. Sys-
tems for more efficient reading or
synthesis may encourage readers to
take shortcuts that lead to incorrect
understanding, sloppy research, or
even outright plagiarism. Instead of
simply seeking to increase reading
throughput uniformly, our systems
should enable ¢riage, so that read-
ers can dedicate time for thoughtful
and careful reading when the con-
tent is important. For instance, our
systems could design pathways that,
while may be more efficient, do not
obfuscate the full context (for exam-

To see the full

list of authors,
visit doi/10.1145/
3659096.

Recent trends in
open science and
datasets 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.

60 COMMUNICATIONS OF THE ACM | OCTOBER 2024 | VOL.67 | NO. 10

ple, Scim), and that encourage good
practices, such as verification and
provenance tracing. A final consid-
eration is around what is considered
ethical reuse of a paper’s contents to
support reader experiences outside of
that paper and its licensing implica-
tions. For instance, CiteRead extracts
paper citances and places them in the
cited paper, and Relatedly extracts
related work sections from different
papers for users to explore. Recent
trends in open science and datasets®
point to a promising future where
we could continue to explore differ-
ent ways to remix and reuse scholarly
content across context so that future
scientists can take fuller advantage of
prior research.

Beyond the PDF. The Semantic
Reader project currently focuses on an-
alyzing and augmenting research pa-
pers in the static PDF format because
it has been the dominant format for
scholarly publications. However, the
publishing industry may be gradually
moving to more flexible formats, such
as HTML, in part to better support ac-
cessibility. While our focus has been
on augmenting the millions of current
and legacy PDF documents in support
of current scholar reading practices,
all of our reading interfaces are built
with  Web technologies—allowing
these novel interactions to extend (pos-
sibly even more effectively) to future
publication formats which likely will
be rendered in Web browsers.

Conclusion

With the Semantic Reader Project,
we develop and evaluate AI-powered
reading interfaces to support schol-
ars around discovery,®* efficiency,'***
comprehension,*??°  synthesis,"%
and accessibility’” when reading re-
search papers. Validating our ap-
proach of augmenting existing PDFs
of research papers, we have seen tre-
mendous adoption of the freely avail-
able Semantic Reader® product, which
has grown to more than 200,000
unique monthly users.! We plan to
continue experimenting with novel
Al-powered intelligent reading inter-
faces, as well as migrating successful
interactive features into the product.

e Semantic Reader: https://bit.ly/3Z6BW3L
f Asofearly August 2024
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https://dx.doi.org/10.1145/3659096

Finally, we offer a collection of freely
available resources to the larger re-
search community, including datas-
ets of open-access research papers,*
APIs for accessing the academic cita-
tion graph,? machine-learning mod-
els for processing and understand-
ing research papers,>*!*** and open
source software for rendering and
augmenting PDF documents for de-
veloping reading interfaces.t We hope
by providing these resources we can
enable and encourage the broader
research community to work on excit-
ing novel intelligent reading interfac-
es for research papers with us.
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