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Sharing, reusing, and synthesizing knowledge is central to the research process, both individually, and with others. These core
functions are not supported by our formal scholarly publishing infrastructure: instead of the smooth functioning of functional
infrastructure, researchers resort to laborious "hacks" and workarounds to "mine" publications for what they need, and struggle to
efficiently share the resulting information with others. Information scientists have proposed an alternative infrastructure based on the
more appropriately granular model of a discourse graph of claims, and evidence, along with key rhetorical relationships between
them. However, despite significant technical progress on standards and platforms, the predominant infrastructure remains steadfastly
document-based. Drawing from infrastructure studies, we locate the current infrastructural bottlenecks in the lack of local systems
that integrate discourse-centric models to augment synthesis work, from which an infrastructure for synthesis can be grown. Through
3 years of research through design and field deployment in a distributed community of hypertext notebook users, we elaborate a
design vision of what can and should be built in order to grow a discourse-centric synthesis infrastructure: a thriving “installed base”
of researchers authoring local, shareable discourse graphs to improve synthesis work, enhance primary research and research training,
and augment collaborative research. We discuss how this design vision — and our empirical work — contributes steps towards a new

infrastructure for synthesis, and increases HCI’s capacity to advance collective intelligence and solve infrastructure-level problems.
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1 INTRODUCTION

To advance the state of knowledge, researchers must synthesize what is currently known and unknown about problems.
Effective synthesis generates new knowledge, integrating relevant theories, concepts, claims, and evidence into novel

conceptual wholes [10, 105]. Synthesis may be supported by and manifested in various forms (e.g., a theory, a systematic
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or integrative literature review, or a model of a design space). The advanced understanding from synthesis can
be a powerful force multiplier for choosing effective studies and operationalizations [72, 91, 110]. Unfortunately,
synthesis work is frequently experienced as arduous [37, 42, 56], documented as extremely cost-intensive [13, 37,
74, 81, 98], and frequently absent in published research outputs, such as literature reviews in doctoral dissertations
[12, 49, 67] and published papers [3, 4, 9, 39, 73, 110]. What, if anything, can be done to make effective synthesis
more commonplace? And what solutions might HCI contribute to complement the predominant focus on
institution- and incentive-level interventions from a metaresearch perspective?

Information scientists have offered a compelling diagnosis of the problem of synthesis: there is a fundamental
mismatch between researchers’ information needs for synthesis work, and the document-centric data model of our
predominant scholarly communication infrastructure. To do effective synthesis work smoothly, researchers need ready
access to information artifacts at the level of claims, theories or empirical results [10, 29, 99]. These information artifacts
are needed to grapple with the key questions that constitute the work of synthesis. For example, what empirical evidence
supports/opposes the major claims under consideration? What are some alternative claims that are also consistent with
the major evidence for our key claims or hypotheses? How might we weave together systems of discursively related
claims into a coherent theory that can explain the key phenomena we seek to understand? What are the respective
evidence bases (and that support theory X vs. theory Y? And what key points of (in)consistency in the evidence base
might point to areas of productive controversy [105]?

To meet these information needs, information scientists propose that researchers need an infrastructure based on a
discourse-oriented data model for the representation of scientific knowledge [18, 24, 30, 59, 99]. One prominent example
is the micropublication model [24], which models scientific knowledge as a discourse graph of claims, contextualized
by relevant context, such as authorship, evidence, and methods.

However, despite their significant potential for accelerating synthesis, discourse graphs have not yet gained wide-
spread acceptance [59]; instead, the predominant scholarly communication infrastructures remain steadfastly coarse-
grained and document-based. For example, digital libraries and search engines such as Google Scholar, PubMed, and
Semantic Scholar, primarily index topics and documents, not the claims, theories or results that researchers need for
synthesis. Citation databases largely do not show why scholarly works cite each other: we cannot trace lines of evidence,
or how theories are used and applied in different settings, or quickly assemble collections of consistent or contradictory
claims or results: Scite.ai’s distinction between supportive vs. contradictory citations, and Semantic Scholar’s distinctions
between "background”, "methods", and "results" citations, take steps towards this deeper understanding, but are still
operating on the paper as a fundamental unit.

Understanding the mismatch between researchers’ information needs and the basic data model of our current
scholarly communication infrastructure clarifies why synthesis work is hard. Lacking a true infrastructure for synthesis,
researchers make do with an assemblage of workarounds and hacks to find and synthesize relevant literature: they
cobble across published syntheses; piece together leads on papers and authors and verbal statements of key ideas from
knowledgeable colleagues; and engage in laborious citation tracing, manual reference checks, and extensive error-prone
keyword search and screening of abstracts and full-text. From this emerging collection, researchers then construct
ad-hoc databases of claims and data, strewn across annotations in PDFs, notes and partial drafts in Google Docs and
spreadsheets [15, 48, 83, 113]. This bespoke database and system may work well enough for individual projects, but
is rarely systematically transferred across projects and people, even within the same research group, leaving further
related projects or people to repeat the arduous process, or worse: settle for subpar synthesis, or focus on diminishing

low-hanging fruit instead of carefully and creatively conceptualizing new research directions.
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In this paper, we build on this work to frame the problem of synthesis as a problem of infrastructure devel-
opment. We conceptualize infrastructure here in the specific sense from infrastructure studies [34]. We recognize
that infrastructure is fundamentally sociotechnical [64]: it consists of technical components intertwined with, and
sustained/constrained by, social phenomena and structures (e.g., culture, practices, institutions). We also recognize that
infrastructures cannot be designed or constructed a priori, but instead, are grown and accreted over past infrastructures
[1, 33, 104]. Edwards et al elaborate on this intuition by drawing three key implications from historical models of
infrastructural development from history and sociology [51]: “First, true infrastructures only begin to form when locally
constructed, centrally controlled systems are linked into networks and internetworks governed by distributed control
and coordination processes. Second, infrastructure formation typically starts with technology transfer from one location
or domain to another; adapting a system to new conditions introduces technical variations as well as social, cultural,
organization, legal, and financial adjustment. Third, infrastructures are consolidated by means of gateways that permit
the linking of heterogeneous systems into networks” (p. 8; emphasis in original).

Mapping this formulation of the infrastructure development problem to our setting, we see that existing work on the
discourse graph data model has laid a foundation for gateways that can weave networks of networks into larger scale
infrastructure for synthesis. The remaining problem is an HCI problem: how to develop local systems that enhance
synthesis, but leave seeds for development into infrastructure: (socio)technical means of networking these systems
in a distributed fashion (e.g., via peer-to-peer networking), and technology transfer across different contexts. This
formulation of the remaining open problem aligns with researchers’ diagnosis of the current main blocker to progress
towards a discourse-centric synthesis infrastructure: the lack of sociotechnical means — such as people to do the work
of creating discourse graphs, and tools for them to do this work — for creating and sustaining this infrastructure
[43, 59, 60, 84]. This paper therefore explores the following core research question: What might it look like to
integrate the seeds of a discourse-centric infrastructure into local scientific practices, and the collaborative
and institutional structures of research?

We approached this question using Research through Design (RTD) [118]: we designed and built a software
extension for a hypertext notebook — used by thousands of researchers for notetaking, lab management, and writing —
that could structure and share research knowledge in a discourse-centric data model. We then deployed our software
prototype in this user community over the course of 2.5 years, iterated on the design in response to authentic usage.
Finally, we reflected on conceptual and empirical findings from the deployment, including direct interactions and
observations with 48 researchers in the user community.

Our research through design work resulted in concrete design patterns, prototypes, and empirical evidence of
authentic usage that elaborated a design vision of what can and should be built — at least at the core/base — in order
to grow a discourse-centric synthesis infrastructure: a thriving “installed base” [46, 104] of researchers authoring
local discourse graphs to improve synthesis work (§5.1), enhance primary research and research training (§5.2), and
augment collaborative research (§5.3). The work of discourse graph authoring is technically enabled by local systems
of incrementally formalizable (§6.1 and locally extensible §6.2) discourse graph authoring mechanisms. These local
systems can be transferred across a diverse ecosystem of personal and lab hypertext notebooks (§6.3), that can then be
networked in a peer-to-peer fashion using the discourse graph model as a shared data exchange protocol.

This paper’s primary contribution is therefore a design vision for — and concrete steps towards — a new
infrastructure for synthesis. larger infrastructure for effective scholarly synthesis. Because research synthesis shares

many characteristics with — and interacts with — other forms of complex (and collective) creative work, such as
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sensemaking (e.g., intelligence analysis), design innovation, and collective deliberation and governance, our research

also increases HCI's capacity to advance collective intelligence.

2 RELATED WORK
2.1 Knowledge infrastructures in science

Our focus on a discourse-centric infrastructure for synthesis here complements existing infrastructure studies on
knowledge infrastructure, which tend to focus primarily on data (collection, sharing, and reuse) [14, 27, 32, 35, 87],
not on discourse and synthesis of granular concepts and claims. For example, Edwards et al [32] described the large-
scale distributed research infrastructure for climate studies and modeling, and Mosconi et al [76] described tensions
between data sharing mandates and large-scale infrastructures on the one hand, and interdisciplinary researchers’ data
management and sharing practices on the ground.

Additionally, since a key analytic strategy of infrastructural inversion looks for moments of maintenance, upgrade,
and breakdown [86], much of this research identifies where infrastructure is not working [76]. While this perspective
is valuable for understanding what is, it is limited for understanding what could be (our focus). Our work here aligns
more with constructively oriented work like Bowker’s [17] synthesis of insights from science studies to propose
design principles for constructing a global biodiversity database, and Young et al’s [117], ambitious design arc from an

infrastructural investigation of land change scientists’ needs for synthesis.

2.2 New Conceptual Models for Synthesis Infrastructures

The proposal for a discourse-centric infrastructure that we explore here is situated in a larger array of related proposals
— including ontologies, semantically rich data models, and other metadata and linked data standards — for new
modes of knowledge representation, sharing, and transfer [30, 60, 85]. In this paper, we use the term "discourse
graph" to refer to a suite of information models [18, 23, 24, 31, 44, 70, 99, 100] that share a common underlying
model for representing scientific discourse: one that distills traditional forms of publication down into more granular,
formalized knowledge claims, linked to supporting evidence and context through a network or graph model. Notable
inspirations for this our work here include McCrickard’s claims model for representing design knowledge [70, 71]; the
micropublications model of claims and evidence [24], SEPIO ontology for representing assertions and evidence lines
[18]; and the nanopublications model [44] that aims to bridge less formal natural-language scientific assertions to
more formalized machine-readable assertions [59] that can integrate into more sophisticated “semantic publishing”
infrastructures [60].

We choose the term discourse graph to refer to this family of data models partly because of the conceptual roots of
these information models in argumentation theory, such as Toulmin’s model of argumentation [107], and to distinguish
them from ontologies and other concept-centric forms of knowledge graphs: with discourse graphs, the emphasis is on
representing and relating knowledge claims (rather than concepts) as the central unit, and emphasizing linking and
relating these claims (rather than categorizing or filing them).

To understand the potential of this data model as a foundation for an infrastructure for synthesis, consider a researcher
who wants to understand what interventions might be most promising for mitigating online harassment. To synthesize
a formulation of this complex interdisciplinary problem that can advance the state of the art, she needs material that can
help her work through detailed answers to a range of questions. For example, which theories have the most empirical
support in this particular setting? What are the key phenomena to keep in mind when designing an intervention?
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What is the efficacy of bans for
ing antisocial behavior online?

Banning is an effective response to

bad actors in online forums

Claims
oppose support
Ban policies in online forums often Bans prevent antisocial behaviors
have high false positive rates from spreading
support oppose
Twitter blocklists frequently used Twitch chat viewers engaged in less Users of subreddits quarantined for
affilitation heuristics and resulted in bad behaviors after a user was hate speech subsequently did not
a nd many unwarranted bans banned by a moderator reduce levels of hate speech
context Sample: Twitch — T e Sample: 2 subreddits
Time period: 2016 - z Time period: 2019

Seering et al 2017 = : Chandrasekaran et al 2022

Fig. 1. Example discourse graph (with claims and associated context) for theories and findings on effects of bans on bad actors in
online forums.

What intervention patterns (whether technical, behavioral, or institutional) have been proposed that are both a) judged
on theoretical and circumstantial grounds as likely to be effective in this setting, and b) lacking in direct evidence for
efficacy?

The answers to these questions cannot be found in the common representations of scientific knowledge in current
tools, such as titles and abstracts of research papers, groupings of papers by area, or citation or authorship networks.
Instead, the answers lie at the more granular level of theoretical and empirical claims or statements. For example,
“viewers in a Twitch chat engaged in less bad behaviors after a user was banned by a moderator for bad behavior” [95] ,
and “users of subreddits quarantined for hate speech subsequently did not reduce levels of hate speech” [21] are empirical
claims that interrelate in complex ways, each supporting claims and theories that may be in tension with each other.
Granular representations of claims is crucial not just for precisely finding relevant information to inform the synthesis,
but also for constructing more appropriately complex arguments and theories, by connecting statements in logical and
discursive relationships. Beyond operating at the claim level, our researcher will also need to work through a range of
contextual, methodological details about empirical evidence. For example, to compare, judge, and develop claims (e.g.,
what has been established with sufficient certainty, where the frontier might be), she would need to know, for example,
which empirical evidence came from which measures (e.g., self-report, behavioral measures), and the extent to which
results have been replicated across a variety of settings (e.g., different research groups, years, platforms, scales).

Figure 1 illustrates a discourse graph that might support such an analysis. In this discourse graph, the primary
unit of analysis of claims matches the information needs of synthesis. Contextual entities and information, such as
methodological details and metadata, are explicitly attached to evidence in the discourse graph, enabling direct analysis
of claims with their evidentiary context, and critical engagement, integration, or reinterpretation of individual findings.
And discourse units in the discourse graph can have many-to-many relationships to support composition of more
complex arguments and theories. If appropriately stable domain-specific vocabulary or ontologies are available, a set of

Manuscript submitted to ACM



6 Chan et al.

claims may also be modeled as defining a subgraph of a more granular knowledge or causal graph, supporting more
sophisticated theoretical synthesis that is still connected to empirical evidence.

There have been attempts to integrate discourse graphs into scientific communities of practice: for example, the
ScholOnto model [100] was supporting remote PhD mentoring and distributed collaborations; SWAN [23] was integrated
into the successful Alzforum online research community for Alzheimers research [25]; and the micropublication model
was integrated into the Domeo scientist network [24]. However, for a variety of reasons, these nascent infrastructures
are no longer active, and the impact of these deployments has not been empirically evaluated. This may partly be due
to changes in funding and infrastructure for these research software, leading to deprecation of technical infrastructure.
Other efforts might not have made it past the experimental prototype stage for similar reasons (lack of funding,
incentives). However, the pivot of some information models into more educational or general-purpose applications
[66] is suggestive of the open problems around realizing a discourse-centric infrastructure in scientific practice. As we
note above, there is some consensus that these problems center on the "human" side of the infrastructure such as tools
and incentives for authors, and sociotechnical means of networking and sharing discourse graphs in practice [30, 60].
Our work joins and complements existing nascent explorations of different ways to foster sustainable contributions
to synthesis infrastructures, such as controlled natural language wikis [58], markup integrations in word processors

[45, 108], and annotation schemes in publication submission portals [19].

2.3 Existing and emerging tools and workflows for synthesis work

Our work is grounded in fundamental studies of the tools and workflows of scholars [80], which have yielded valuable
descriptions of the information needs, pain points, and regularities (and differences) in scholarly workflows and tools.
Examples include Ellis’s classic study of the information-seeking patterns of academic researchers [36], O'Hara’s diary
study of PhD students’ use of library documents and reading practices [79], Ribaupierre et al’s description of scholars’
strategic reading practices [29], and Blake and Pratt’s detailed description and model of the information behaviors of
scientists conducting systematic reviews [10]. On the practice side, surveys of tool usage by scientists suggest that
document-centric workflows continue to dominate. For example, Bosman et al. [15] reported from a large-scale online
survey of approximately 20k researchers worldwide that reference management tools like EndNote, Mendeley, and
Zotero were the most frequently mentioned tools for managing and using literature. These large-scale findings are
corroborated by more in-depth qualitative investigations of researcher practices, which generally find the predominance
of these document-centric tools, as well as mainstream general-purpose software like Microsoft Word and Excel for
note-taking [48, 83, 113]. One notable study by Sawyer and colleagues [90] frames the landscape of tools, workflows,
and practices of synthesis as "pre-infrastructural”. They note that these are marked by assemblage, fragmentation, and
appropriation, and are not mature infrastructure.

Some of this descriptive work provides empirical validation of the hypothesized benefits of discourse graphs for
augmenting synthesis: for example, Ribaupierre et al [29] found that scientists who tested a prototype tool that allowed
them to search over a literature by rhetorical elements (e.g., findings, methods, definitions) self-reported higher signal-
to-noise ratio in results when searching for specific findings (e.g., "show all findings of studies that have addressed
the issue of gender equality in terms of salary"), compared to using a standard keyword search interface. There is
also documentation of desire paths of scientists adopting niche tools with affordances that resemble discourse graphs.
For example, there is a subculture of academic researchers who repurpose qualitative data analysis tools like NVivo
and Atlas.ti to do literature reviews [6, 75, 102, 114]; it is notable that the key affordances of these tools — layers of

contextualizability for excerpts (data) and themes (synthesis/claims) — are similar to those of discourse graphs. There is
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also some adoption of niche specialized tools for literature sensemaking, such as LiquidText and Citavi, both of which
support the composition of networks of claims that are directly linked to contextualizing excerpts from documents [75].

Because our infrastructure development strategy focuses on developing seeds for infrastructure by integrating into
and augmenting local synthesis practices, the prototypes, design patterns, and empirical evidence in this paper also

advance research on tools and workflows for synthesis work.

3 METHODOLOGY: RESEARCH THROUGH DESIGN

We explored our research questions using a Research through Design (RtD) methodology [118]. We chose RtD because
the nature of our questions are about "the world that should be brought into being" [118, p. 178]: our questions cannot
be descriptive, because there are no existing examples of a discourse-centric synthesis infrastructure. The “wicked” and
messy nature of an infrastructure-level problem — with all of its complex sociotechnical entanglements and entrenched,
competing interests — is also well-matched for the application of a designerly — vs. scientific — way of knowing
[41, 118].

We followed Zimmerman and Forlizzi’s [118] suggested 5-step cycle for Research through Design work: 1) select
a design problem or opportunity, 2) conduct design work to develop an initial framing and prototypes, 3) evaluate
the design prototype(s) through deployment with users, 4) reflect on the design and evaluation work and disseminate
resulting insights, and 5) repeat. This paper reports analysis of insights from design work and artifacts and research
data collected across the Design and Evaluate steps of our Research through Design work in this setting (see Fig. 2 for
a visual summary). These phases of work spanned approximately 3 years, and involving direct interactions with 48
participants.

Our RtD approach was also conducted in a field-based and participatory manner. In particular, our work began as
participatory in a participant observation sense: the first author is both researcher and participant/user in the community
of tool users where we designed and deployed our tool. He drew on his own active participation and experiences
to inform the design work and evaluation. Later, the work became participatory in a participatory design [89] and
community-based research sense, as the second and fourth authors joined from the community to substantially develop
the designs and insights and practice, fundamentally shaping the conceptual contributions of the work. We therefore
drew on participatory methodology [111] — including reflexive, detailed field notes, regular research discussions with
key community members, and co-authorship of the final manuscript — to ensure that community participation was

rigorous and equitable.

3.1 Setting

The general setting of this study is centered around a distributed community of researchers who have adopted general-
purpose “hypertext notebooks” for research knowledge management. These notebooks share many features with
wikis, with granular subdocuments and bi-directional hyperlinking between these subdocuments serving as a central
organizing principle, as opposed to top-down hierarchies of folders and tags. There are also some interesting differences
in affordances and values of these communities: for example, several tools, such as RoamResearch?!, Logseqz, and
Tana®, cross the hyperlinking wiki data structure with an "outliner” format, such that each bullet itself becomes

a uniquely addressable subdocument that can be interlinked into knowledge and organizational structures; others,

!https://roamresearch.com/
https://logseq.com/
3https://tana.inc
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RESEARCH DATA
COLLECTED

» Conceptual model article detailing
translation of base discourse model

= Observations and field notes from

participant observation

DESIGN » Video tours of example implementation u Design notes
(~10 mo) » MVP prototype of Discourse Graph
Extension in RoamResearch
s Enhancements and new features in the = Observations and field notes from
Discourse Graph Extension prototype: participant observation
initially in response to (and in collaboration » Design notes
with) users, then led by users
w Usage survey deployed to users in
EVALUATE u User-led ports of Discourse Graph workflow September 2022 (N=41)
(~30 mo) and extension to other tools

n Data exports from usage survey
(N=5)

» Semi-structured interviews in
September 2023 with users who
indicated interest in a follow-up from
the usage survey (N=5)

s Member checks with key informants
via email and calls in March 2024
(N=7)

Fig. 2. Summary of design work and artifacts and research data collected across the Design and Evaluate steps of our Research
through Design work.

such as Tinderbox?*, embed the hyperlinking structure in a visual medium; and others, such as Obsidian®, heavily
emphasize privacy and data ownership, overlaying wiki technology on plain text markdown files. From a scholarly
primitives perspective [80], usage of these tools concentrates on the primitives of collecting, reading (including especially
notetaking) and subsets of the writing process; frequently, traditional tools like word processors are still used for final
drafting and typesetting stages of writing, but drawn heavily from the knowledge bases constructed in these tools.
There are no definitive numbers on how many researchers have adapted these general-purpose tools for synthesis
work, but the following data points can give a sense of the size and boundaries of the community: as of the time of
this writing, there were approximately 12,000 users on the Slack chat community for the RoamResearch tool, and
approximately 800 users on a specialized Discord chat community for academic users of RoamResearch. We think the
estimate of 5-10% of the total user base is a reasonable ballpark across the other tool communities, each of which have
discussions and defined subcommunities for academic users, such as an academia channel in the Discord community
of 8,000 users for the Obsidian tool, and 1500 users for the Logseq tool. Thus, this community of users is still nascent

relative to mainstream tools like Google Docs and Microsoft Word, but it is substantial in size and active.

4http://www.eastgate.com/Tinderbox/
Shttps://obsidian.md/
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3.2 Design Phase

Design work began in approximately December 2020 (and was mostly completed in summer of 2021), and centered
around exploring how to instantiate the discourse graph model into a working system that enables scholars to write
notes in as close to their normal formats as possible, but author shareable, machine-readable discourse graphs as a
byproduct. The design work in this arc culminated in the initial working prototype of the RoamResearch Discourse
Graph extension, which embodied a set of design hypotheses about how to integrate discourse graphing into everyday
research workflows and enable downstream development of synthesis infrastructures. For brevity, we summarize the

endpoint of this design work and resulting initial prototype in §4.

3.3 Evaluation Phase

Evaluation work began in approximately August 2021, and centered around testing our design hypotheses about
the possibility and preconditions of 1) integrating discourse graphs into scholarly workflows, and 2) growing these
"grassroots" discourse graphs into a new infrastructure for scholarly synthesis. Data collection has continued to the
present, through sustained, serious usage of the RoamResearch Discourse Graph extension, and community engagement
around the software prototype. Thus, the Deployment phase overlapped with the Reflection phase.

To test our design hypotheses, we released the extension in a number of different channels beginning the Fall of
2021. The first distribution channel was a set of three notetaking courses for academic users of Roam, one of which
was led by LK, the fourth author. These courses are all online courses for users of Roam, and are led by lead users in the
Roam community. Each lead user was an advanced PhD student at the time of the deployment. This integration came
about because, as part of our participatory deployment and design strategy, the first author had solicited early feedback
from each of these users on a call in August of 2021 (once an MVP of the prototype had been developed), and each of
them expressed immediate strong interest in integrating this into their courses. The second distribution channel was
the wider Roam community, which congregated on Twitter, blogs, Youtube, and a shared Slack channel.

At the time of this writing, the extension remains in active use. In this paper, however, we report our reflections on the
following sources of data collected over the course of 30 months, from August 2021 to March 2024: 1) observations and
field notes from participant observation, 2) design notes from design work, 3) a formal usage survey, 4) semi-structured

interviews, 5) member checks with key informants, and 6) data exports from participants’ lab notebooks.

3.3.1 Observations and field notes. The first author participated in wider discussions of workflows and tooling on
Twitter, Slack, as well as synchronous Zoom calls. Structured direct observations were also conducted in a Discord
channel dedicated to the extension in a Discord server for academic users of Roam. Finally, the first author held
bi-weekly “open office hours” over Zoom with users of the extension. Field notes were recorded throughout these
observations, including links to messages on the social media or chat threads, where appropriate/available, for later

analysis.

3.3.2 Design notes from design work. All design and development discussions with the DV, the third author, were

documented in a shared Roam notebook.

3.3.3 Formal usage survey. We distributed a usage survey in the Fall of 2022 to get a quantitative picture of usage.
Key questions included demographics (e.g., occupation, location, research area, profession, source of learning about
the extension), current usage patterns (e.g., current user vs. not, motivations for using/exploring the extension, which
features of the extension are core/occasional/unused/unknown). The full survey items are shown in Appendix A.
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The survey was distributed via a one-time popup in the extension, which users would see upon refresh of their Roam
application, and also distributed over Twitter and in the Discord channel for users of the extension. We received N = 41

total responses to the survey.

3.3.4 Semi-structured interviews. The first author conducted semi-structured interviews, each lasting approximately
60-90 minutes, with N = 5 users who indicated an interest in a follow-up from the usage survey. The interview
focused on whether/how they were still using the extension (and whether they’d be willing to share a csv export and/or
screenshots of your discourse graph usage), impacts (positive or negative) the extension has had on their work since
the last usage survey, changes in your synthesis practice (with or without the extension), and wishlist items for the

extension (for ongoing development work). These interviews were recorded and transcribed.

3.3.5 Member checks with key informants. After initial analysis was completed in March 2024, the first author conducted

member checks with N = 7 key informants via email and calls.

3.3.6 Data exports. The usage survey requested an optional data export of the user’s discourse graph. We were
able to obtain user-provided exports of data from N = 4 users (5, including the author’s lab) from the usage survey
approximately 12 months into the deployment (in Fall of 2022). These were neo4j-compatible csv exports of the nodes
and edges.

This research study was approved by the University of Maryland’s institutional review board.

3.4 Deployment Participants.

Since the software extension was released publicly into the community, and we (for privacy reasons) chose not to track
specific usage on our servers from participants’ machines, we do not have a precise quantitative picture of usage. We
can, however, triangulate from at least two sources to give a quantitative sense of the userbase that is informing the
insights from this arc. First, because of the way that Roam works with extensions, each time a Roam user reloaded
their application, all software extensions would be (re)-downloaded and unpacked. This is not a precise measure of
usage/coverage, since extensions that were left installed but were not in active use would still be downloaded at each
reload of the application. Thus, the average daily downloads gave us a rough upper bound on the coverage of the
extension. Based on the 2nd author’s experience with other software extensions for Roam, an approximate estimate of
active users given download counts is to divide the number of downloads by 10. As of November 2022, we had 320 daily
downloads of the extension, so we estimate that the extension had about 30 daily active users as of November 2022.
Second, 23 of the 41 ( 56%) respondents to our usage survey self-reported as current users of the extension, while 9
(22%) self-reported as "still exploring” the extension to assess fit, and 9 ( 22%) self-reported as not currently using the
extension. Putting these two estimates together, we estimate our total participant base to be on the order of 30 daily
active users.

Based on our usage survey, the majority (14/23, or 60%) of current users were academic researchers of some variety,
with the remaining (9/23, or 40%) of users engaged in consulting, librarianship, medical training, independent research,
and venture-building. Users hail from all over the world, including North America, China, Thailand, Germany, Chile,
Austria, Spain, and New Zealand.

Also, in our usage survey, 11 respondents explicitly mentioned one of the three notetaking courses that integrated
the extension, and 12 mentioned a mix of blogs, social media, or word-of-mouth as the first places they learned about
the extension (the remaining 18 respondents did not describe how they learned about the extension).
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3.5 Positionality and Rapport

The overall research design and conceptualization was initially led by the first author, an HCI researcher who is also
a core user of the tool we extended. He participated as a “power user” in workflow and tool exploration, including
the first "Roam tour", published in April 2020, where he explored how to implement the "zettelkasten method" in
this new hypertext notebook medium. In general, his reputation as a "power user" in the hypertext notebook user
community was at least as salient as his reputation as an HCI researcher. This gave him access and credibility he would
not otherwise have gotten as outsiders, including partnerships with other community leaders who developed learning
resources for the community of users. These partnerships were the first initial vector of the deployment of our design
prototype. The first author’s additional identity as a an HCI researcher was made plain to the community throughout
the deployment, prominently advertised in primary announcements and resource sharing posts with the community,
as well as in 1-on-1 and group calls. This is important because we obtained a waiver for documentation of informed
consent, due to the distributed and often transient nature of interactions in the community.

Formative work on design requirements were shaped in part through extensive interactions with the second author
— identified in the manuscript as MA — as fellow members of the user community: across several calls and interactions
on the community forums. MA later led the extension of the discourse graph workflow and system to improve and
transform primary research in his cell biology lab (see §5.2). The design and prototyping work for the software extension
(see §4) was done in close collaboration with the third author, who is a key developer of software extensions for the
tool we extended.

As the field study became increasingly participatory, two additional members of the community began to make
increasingly integral contributions to the conceptualization and development of the key ideas in this paper, and have
therefore been named as co-authors of this work (in keeping with norms of participatory research). The fourth author
— identified in the manuscript as LK — saw the potential of the discourse graph workflow for enabling the learning of
synthesis, and became a data collection partner, deploying the discourse graph software prototype we developed in
and from the notetaking course he was running, which became a central nucleating site for the deployment of our
prototype for our field study (see §3.3). To continue technical advances that enabled this work as well as augmented
collaborative synthesis in his lab (see §5.3), the second author later brought on the fifth author to assist with further
technical development.

Data collection and analysis was led by the first author, who led the drafting of the manuscript with elaboration and

checks from community-based authors.

3.6 Analytic Approach

Analysis was primarily conducted by the first author, using a general constructivist and interpretivist [93] approach.
Analysis was interleaved with data collection throughout, including in reflective memos, and, once critical mass of
data accumulated, iterative coding and analysis. Analysis was conducted in a theory-informed manner, drawing on

sensitizing concepts such as boundary objects [103], sensemaking [88], and infrastructure [64].

4 DESIGN OF OUR DISCOURSE GRAPH EXTENSION FOR LOCAL SYNTHESIS WORK

We began our design work building on a previous line of work where we explored how to translate discourse-centric
models like SEPIO [18] into a note-taking convention for synthesis. We wrote up this discourse-graph-as-practice
translation in [20], shared it with the tools for thought community via a set of video demos and social media posts, and
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Design Guiding Key Components of

Requirements Concepts Discourse Graph Extension

DR1: Enable users to Integrated Crowdsourcing Node Menu for incrementally authoring discourse nodes
seamlessly create a formal (4.1.1), Incremental alongside informal text (4.2.2); Discourse Grammar
discourse graph alongside Formalization (4.1.2) Parser for recognizing discourse relations from writing
their informal notes patterns in outlines (4.2.3), Playground for gathering and

mapping discourse relations amongsts discourse nodes (4.2.3)

DR1: Enable users to Integrated Crowdsourcing Discourse Context for exploring discourse relations
leverage their formal (#1.1) between nodes (4.2.4), Synthesis Query for querying
discourse graph to improve discourse nodes and relations (4.2.4)

their thinking and writing

Fig. 3. Summary of design requirements and design hypotheses developed in Design Arc (Section 4)

tested the process in the first author’s lab with collaborative literature reviews for a few ongoing research projects, as
well as a collaborative literature review on COVID with other Roam users. These experiences gave us some confidence
that the discourse graph model could be integrated as a practice into everyday scholarly work; the remaining question
from an infrastructure perspective was whether it was (socio)technically possible to bridge this discourse-graph-
as-practice beyond a single notebook or lab, to seed new scholarly synthesis infrastructures.

More concretely, we wanted to explore how we might design a system that made it possible to write and use
discourse-graph-as-practice in as natural a manner as possible (e.g., in outlines, with a mix of less formal and
more formal argumentation) but seamlessly translate to queryable, shareable discourse graph formalisms
in the backend. Reflecting on our experiences building out these discourse-graph-as-practice working examples, and

prior technical and conceptual work, our initial design requirements were:

(1) DR1: Enable users to seamlessly create a formal discourse graph alongside their informal notes.

(2) DR2: Enable users to leverage their formal discourse graph to improve their thinking and writing,.

For brevity, we focus our description here on the outputs of our design work, in the form of design rationales and
initial hypotheses, to frame what we learned from our field deployment and evaluation. Figure 3 shows a summary of
these outputs: guided by key design inspirations from previous work (§4.1), we formulated design hypotheses for how
to address our key design requirements, embodied in the key components of a discourse-centric software extension for
a hypertext notebook (§4.2).

4.1 Guiding Design Inspirations from Previous Work

Our design exploration was particularly informed by the key concepts of integrated crowdsourcing [101] and incremental

formalization [96] from HCI research, as well as key insights on synthesis tools (summarized in part in §2.3).

4.1.1 Integrated Crowdsourcing. The first design pattern of integrated crowdsourcing has been proposed and
validated as a means of sustaining work that is beneficial for a community — such as annotating bookmarks on tutorial
videos [112] or specifying semantic relationships between ideas on a large-scale innovation platform [101] — that are

experienced as tedious work with no immediate individual benefits. The design pattern is to seamlessly integrate the
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“crowdsourcing” work (that will benefit a community) into tasks that community members are already intrinsically
motivated to do. One example of this design pattern is [101]’ IdeaHound system that integrates semantic judgments
of idea relationships in a large-scale innovation platform into the intrinsically motivating activity of visuospatial
brainstorming with inspirations from others’ ideas (on computationally augmented digital whiteboards). Another
example is Kim et al’s work on “learnersourcing” subgoal labels on tutorial videos by integrating annotation work into
the intrinsically motivating activity of creating video bookmarks and notes for oneself [54, 112]. A final example is
the Cobi system that sources judgments of research paper relationships for conference planning by integrating these
semantic judgments into the intrinsically motivating activity of selecting papers to see at a conference [5, 22].

This design pattern motivated and guided our design work for both DR1 and DR2: our guiding approach was to
develop a core user experience that enabled people to write as close to prose as they normally would (and for intrinsic

benefits of advancing their own synthesis work), and author a shareable discourse graph as a natural byproduct.

4.1.2  Incremental Formalization. The first concept of incremental formalization comes from foundational research on
hypertext systems that have explored integrating formal structure — such as schemas — into interactive systems for
knowledge management. This line of work has identified how requirements for specifying formal structure — especially
if they are the only means of entering data, or imposed early in open-ended tasks — can interfere with the very work
they are meant to support [26, 96]. For instance, Conklin and Begeman’s [26] classic work on Group Issue-Based
Information Systems (gIBIS), a hypermedia environment for collaborative policy discussions integrated Rittel’s [61]
Issue-Based Information Systems (IBIS) framework for structuring collaborative policy discussions, and found that
users found the ontology of issues, arguments, and positions, helpful for structuring their discussions, but also wanted
ways to integrate this into their work in a more semi-structured way, such as specifying "proto-nodes", or expanding
the ontology to cover more aspects of their thinking, such as ideas and requirements.

Shipman and colleagues [96] proposed the concept of incremental formalization as a means of mitigating these
risks of formalisms: users enter information in a mostly informal fashion, and then formalize only later in the task when
appropriate formalisms become clear and also (more) immediately useful. Notable examples of this pattern include
VIK]I, a spatial hypertext system that includes heuristic algorithms to find recurring visual/spatial patterns in layout
of objects; users can use these to specify schemas if they wish [68]; and the Hyper-Object Substrate (HOS) system,
users enter mostly informal text initially, and the system recognizes patterns in the textual information to suggest
possible formal attributes or relations for the underlying knowledge base, which the user can then accept/modify/reject
as they wish [97]; and the Jourknow system that includes a variety of features that can recognize formal structure (e.g.,
location, time, meeting information) from (relatively) unstructured notes in pidgin or more lightweight entry format,
such as Notation3 [109].

We found this design pattern of incremental formalization to be particularly inspirational for our design work on
DR1.

4.2 The Discourse Graph Software Extension for Hypertext Notebooks
4.2.1 Hypertext notebook as technical substrate. Our first design choice was to integrate discourse authoring into the
hypertext notebook RoamResearch, for a few reasons.

First, the underlying data model is a graph, which is nicely aligned with the discourse graph model. In Roam, users

write outlines, where each bullet (block), and/or page it is contained in, is a node in a graph. Hypertext links (e.g.,
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references, embeds, backlinks) between blocks and pages constitute edges in the graph. This data structure was closely
inspired by Nelson’s seminal zippered-list data model for hypertext notebooks [78].

Second, the hypertext notebook allows for a mixture of both formal and informal information. Indeed, the base data
model in Roam is highly informal and minimally structured: from the user’s point of view, it is just an outline with
text. But users can (and do!) add structure through pages, tags, and namespaces, among other things. These are highly
beneficial technical properties for implementing the incremental formalization design pattern [96].

Third, as we described in §3.1, the platform has an existing robust and substantial userbase where scholars are
already doing work of reading, note-taking and writing. This is an ideal field site for us to test the hypothesis that we
can integrate discourse graph authoring into their workflows.

Fourth and finally, the platform is highly extensible, with an API that allows for interactions with and modifications
of the underlying data model, as well as the UL This would allow us to not only implement technical means of authoring
discourse nodes and edges, but also prototype Ul extensions that could provide intrinsic benefits to the users from the
discourse graph being computationally reified. Integrating into existing tools was also motivated by the design pattern
of integrated crowdsourcing [101]; we hypothesized that we could develop a software extension to Roam that could
integrate the work of discourse authoring into the intrinsically motivating synthesis work that we already knew was

happening in these tools.

4.2.2  Authoring formal discourse nodes alongside informal notes. Within Roam as a technical substrate, we prototyped
a Node Menu extension to the UI as a means of authoring discourse nodes in an incrementally formalized manner.
The intended feeling was to be similar to highlighting or annotating (rather than forcing structured data entry): we
envisioned use of the Node Menu to factor parts of notes — which would be a mix of informal and semi-structured notes
— into formal ‘nodes’ of a discourse graph (claims, evidence, etc.).

As an example, Figure 4 (leftmost panel) shows an example of in-progress notes on a research paper, with a general
content structure that is similar to a Google Doc of reading notes: a mix of informal and formal observations and
structure, including general notes about related ideas, key details about methods, and the core results of the paper.
Zooming in on the key results here, a user could mark out the key result of estimated 2x lower susceptibility as a key
piece of evidence from the paper that might inform her synthesis for a focal question. The user experience of this would
be very similar to annotating: she would simply select the text she wants to “mark as” evidence, press a hotkey to
initiate the node authoring action, then select the appropriate node type, either with her mouse or with the associated
shortcut (in this case, ‘E‘; Fig. 4A).

In doing so, the extension would automatically create a note that is structured with appropriate metadata (and
possibly a template) and typed as an "Evidence" (EVD) discourse node, which would appear marked as a formal Evidence
node — the prefix “EVD” is automatically prepended to the page title to denote that this is an evidence node, and the
@zhuChildrenAreUnlikely2020 citekey is appended to allow for easier return to the source material from the evidence
page — inside the previously informal notes (Fig. 4B). The user could stop in her formalization of the nodes at this
point, though as her synthesis progresses, and she begins to need more contextual details while comparing and making
sense of multiple evidence nodes, she could elaborate the nodes with more details over time, such as by migrating in
screenshots of key tables and figures, or methodological details like participants and measures, into the body of the
Evidence node page (Fig. 4C).

At the start of our field deployment, our discourse graph extension shipped with the following base set of node types:
1) Questions, 2) Claims, 3) Evidence, and 4) Sources (see Figure 5). Claims and evidence mapped directly to elements
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Fig. 4. Our Node Menu component is designed to enable incremental formalization of discourse nodes. Similar to the user experience
of annotation, users select the text they want to “mark as” a discourse node, press a hotkey to initiate the node authoring action,
then select the appropriate node type, either with the mouse or with the associated shortcut (1). The Discourse Graph extension then
automatically creates a page with that title typed as the appropriate discourse node, and replaces the selected text with a reference
to that node (2). If needed for further synthesis, users can also elaborate the nodes with more details over time, such as by migrating
in screenshots of key tables and figures, into the body of a node page (3).
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DISCOURSE NODE
AND RELATION TYPES EXAMPLE NODES
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_ EVD EVD - Similar secondary attack rate for children vs. adults
Evidence in Shenzen - @biEpidemiologyTransmissionCOVID192020
\ /
Ve N\
Source @biEpidemiologyTransmissionCOVID192020

Fig. 5. Base discourse graph grammar that was shipped with the RoamResearch Discourse Graph extension.

of the discourse-oriented models we wanted to integrate with (e.g., hypothesis-evidence from SEPIO [18], claim-data
from Micropublications [24]); questions were important from the formative field work for helping to organize and
motivate synthesis work; and sources were a bridge to the paper-centric infrastructure of publishing (e.g., all evidence
was directly tied to a source, which we hypothesized would enable writing and citing from a discourse graph).

The extension also shipped with a means for users to add new discourse nodes to their grammar (see Figure 25 in
Appendix B). This was mostly a debugging feature for the development team, but was also made user-facing, motivated
in part by the learnings prior work on incremental formalization that suggested the need for users to expand a formal
grammar to structure their thinking while adapting to local conventions and evolving thinking [26], as well as an
intuition from infrastructure studies that these seeds of infrastrucure should, where possible, design for flexibility
to avoid undue path dependence [34]). As we will see later, this design choice enabled user behaviors in the field

deployment (see §6.2) that led to significant expansions in our design vision.

4.2.3 Naturally creating formal discourse relations between nodes by writing and outlining. To enable seamless authoring
of discourse edges, we prototyped a Discourse Grammar Parser to enable the system to parse formal discourse relation
‘edges’ (e.g., support, oppose, inform) from user-defined conventions of prose writing and outlining. The intent was to
make it possible for users to write and outline very similarly to how you would normally write/outline for their own
thinking, and author edges between nodes in a formal discourse graph as a natural byproduct of doing this intrinsically
meaningful activity (in keeping with the principles of integrated crowdsourcing).

The discourse grammar consists of a set of defined relation patterns that map user patterns of writing, which are
represented explicitly in a Datomic graph of blocks/pages, and relationships such as referencing and indentation

(creating parent/child relationships between blocks), to discourse relations. Figure 6 sketches out the core user flow that
Manuscript submitted to ACM



Steps Towards an Infrastructure for Scholarly Synthesis 17

+ Reasonable prior: 4 CLM - Children are equally susceptible to COVID compared to o Discourse Graph Extension

other age groups . L.
recoghizes Discourse EVD - Similar secondary attack rate...

Nodes Supports
and Relations CLM - Children equally susceptible..

« [@ SupportedBy

« - EVD - Similar secondary attack rate for children vs. adults in Shenzen - 7

@biEpidemiologyTransmission D192020
« See also: <7 EVD - Comparable secondary attack rate in households in China CLM - Children equally susceptible..
for children under 3 compared to other age groups - % Supported By

@wuHou ld TransmissionSARSCoV22020

EVD - Similar secondary attack rate...

And - EVD - similar secondary attack rate for household contacts 18yo or
less (compared to other age groups) in Midwestern US - "2
@yousafProspectiveCohortStudy2020 from Writing Any Page
« But @ OpposedBy epidemiological evidence of age-related variability in Patterns . 4 c| M - Thisis a Claim page

susceptibility? _

= Raw PCR case prevalence data for age-dependent susceptibility: - EVD - . SupportedBy

prevalence of COVID (excluding first-reported case) increased with age in « ~f EVD - This is a Evidence page. - {Source}
New York State, ~2x lower for children and youth compared to adults - 72
@rosenbergCOVID19TestingEpidemic2020).

o Discourse Graph Extension reifies recognized Discourse Nodes and Relations into Queryable + Shareable Discourse Graph

e.g.. see that EVD about secondary attack rate for children supports
CLM about equal susceptibility from the EVD node's Discourse
Context AND also see that the same CLM is supported by the same  e.g., export discourse graph with node ids, types, and typed

EVD (and other EVDs) from the CLM node's Discourse Context discourse edges in open formats, such as neo4j-compatible csv
EVD - Similar secondary attack rate for children vs. SrUSTART SrtNODE . vooe et endienop "M% oo LaseL label:TYPE
N _io _TYPE TYPE
in Shenzen - 7,
demiologyTransmissionCOVID192020
Similar secondary attack rate for
children vs. adults in Shenzen - Children are equally susceptible
) bifaroia Supports e [[@biEpidemniologyTransmissionC 10 COVID compared to ather
(1 Supports Text T B UkMG6Eh2KB EVIDENCE  OVID192020]] Wc-uewkW CLAIM age groups SUPPORTS
LCLU] - Cildran are squsly susceptible to COVID compared to
ather age groups similar [[secondary attack rate]]
+ Showing 1 of {results Rows per page: 10 1 for househald cantacts 18ya or
less (compared to other age
groups) in Midwestern US - Children are equally susceptible
CLM = Children are equally susceptible to COVID [[@yousafProspectiveCohortStud to COVID compared to other
compared to other age groups OK_3QqtDe EVIDENCE y2020]) WOC-uewkW CLAIM age groups. SUPPORTS
Comparable secondary attack
(3) Supported By Supported By e ratein households in China for
(12) Opposed By P B children under 3 compared to
ather age groups - Children are equally susceptible
[[@wuHouseholdTransmissionsA 10 COVID compared to other
1Pimeogdj EVIDENCE  RSCaV22020]) W9c-uewKW CLAIM age groups. SUPPORTS.
Model of contact tracing data
from Hunan CDC estimates ~30
percent lower risk of infection far
children vs. adults - Children are equally susceptible
[[@zhangChangesContactPattern to COVID compared to other
qOe_|_-hH EVIDENCE  s2020]] Woe-uewkW CLAIM age groups. OPPOSES

Fig. 6. Our Discourse Grammar Parser parses formal discourse relation ‘edges’ (e.g., support, oppose, inform) from user-defined
conventions of prose writing and outlining (1) and reifies the recognized discourse nodes and relations into a queryable and shareable
discourse graph (2). This makes it possible for users to write and outline very similarly to how you would normally write/outline for
their own thinking, and author edges between nodes in a formal discourse graph as a natural byproduct of doing this intrinsically
meaningful activity.

enables this translation. The top left of Figure 6 shows a section of a scholarly outline for synthesis, where a user is
writing and outlining her ongoing understanding for a focal question, with a typical mixture of formal and informal
notes, and links to resources and references. Here, the user can reference specific results (evidence notes) while making
sense of the case for and against a focal claim. Here, each pink EVD link is a link to an evidence node.

In this outline, the first block of text is actually referencing a claim that children are equally susceptible to COVID
compared to other age groups. This is done through a linking feature in Roam that is not so different from hyperlinking
in Web-based communications, such as email. A child bullet (or block, in Roam parlance) references an evidence node
from Bi et al (highlighted in pink); in this way, the inline citation to Bi et al is actually to a specific result from that
paper in an evidence node, rather than a reference to the whole paper. We also see references to pink evidence nodes
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Fig. 7. Our Playground interface provides an infinite canvas component where users could insert or create discourse nodes, visually
cluster them, and draw edges between nodes; they could then make the nodes and edges "real" by triggering the parser to generate
the associated Roam blocks in the formats that specify the discourse nodes and edges according to the relevant relation patterns
defined in the grammar.

in the text. To record and reason through the evidence that supports the claim, the user could note in writing in the
second block that the claim is "Supported By" some evidence, by referencing a tag with the title "Supported By". If so,
the discourse graph grammar could then recognize the formal discourse relations amongst these nodes (see Figure 6,
Step 1), and reify them into a queryable and shareable formal graph, from which the user can reap immediate benefits,
e.g., by exploring and querying their discourse nodes and relations (described in §4.2.4; see Figure 6, Step 2). Indeed,
this translation of implicit, textual specifications of discourse relations in writing would be in effect for all the discourse
nodes referenced in the synthesis outline. Figure 6 (bottom right) shows a portion of the exported subgraph of discourse
nodes and relations that could be parsed from the writing in the outline, in a Neo4j-compatible csv export from the
Roam notebook.

Separately, inspired by previous work on visuospatial sensemaking and visual hypertext systems (e.g., IBIS [26]), we
also prototyped a Playground infinite canvas component where users could insert or create discourse nodes, visually
cluster them, and draw edges between nodes; they could then make the nodes and edges "real" by triggering the parser
to generate the associated Roam blocks in the formats that specify the discourse nodes and edges according to the
relevant relation patterns defined in the grammar.

At the start of our field deployment, our discourse graph extension shipped with the following base set of discourse

relation types, focusing on relationships between evidence and claims/questions:

e Evidence INFORMS Question
e Evidence SUPPORTS Question
e Evidence OPPOSES Claim
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Fig. 8. Our Discourse Context component was designed to provide associative trail navigation between notes based on discourse
relations like inform/support/oppose (A). We also prototyped a Synthesis Query component to enable users to perform specialized
querying based on discourse graph elements and relations (e.g., find all evidence that informs my question, but opposes some claim;
find all evidence that informs a question and display key methodological attributes for each piece of evidence that | have specified
(B). These queries could be used as collections, or as a means to gather discourse nodes to insert into a Playground or outline for
synthesis.

As with the node types, the extension also included a means for users to edit the in-built relation patterns, as well as

add their own to match their own styles of writing and outlining (see Figure 25 in Appendix B).

4.2.4 Enabling users to derive immediate benefits from their queryable and shareable formal discourse graph. The final
components of our design were designed to enable users to reap immediate benefits from their local discourse graph.

We hypothesized that having a formal discourse graph in a hypertext notebook could help with synthesis in many
ways, such as querying and sorting between claims based on evidentiary support/opposition. To explore this, we
prototyped a Discourse Context component that provided additional associative trail navigation between notes based
on discourse relations like inform/support/oppose (see Figure 8A). This discourse context was designed as a slightly
more formalized/focused version of the native Roam backlinks feature that enabled users to traverse bi-directional
links between notes. Importantly, because the discourse relations are computationally 'real”, discourse relations can
be traversed from source to target, or vice versa, without requiring the user to tediously specify both directions of a
discourse relation (e.g., EVD Supports CLM, CLM SupportedBy CLM): as Figure 8A shows, once the parser has reified a
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discourse relation between nodes, such as a "Supports" relation between an EVD and a CLM, the user can see the EVDs
a CLM is SupportedBy (from the CLM) page, and also navigate from any given EVD back to the CLM that it Supports.

We also prototyped a Synthesis Query component to enable users to perform specialized querying based on
discourse graph elements and relations (e.g., find all evidence that informs my question, but opposes some claim; find
all evidence that informs a question and display key methodological attributes for each piece of evidence that I have
specified; see Figure 8B for an example). These queries could be used as collections, or as a means to gather discourse

nodes to insert into a Playground or outline for synthesis.

5 EVALUATION I: INTRINSIC BENEFITS OF DISCOURSE GRAPHS FOR LOCAL SCIENTIFIC PRACTICES

Our deployment yielded a rich picture of a possible future of a discourse-centric infrastructure being grown from
transformed local scientific practices: a thriving ecosystem of personal and lab hypertext notebooks that researchers
use to author local discourse graphs because they improve synthesis (§5.1), enhance primary research and research

training (§5.2), and augment collaborative research (§5.3).

5.1 Augmenting Local Synthesis Work with Discourse Graphs

5.1.1 Opening Vignette. LZ is a PhD student in medical image processing, based in Shanghai, China. He came to know
about the extension and approach via the initial whitepaper we published on the synthesis workflow [20]. He learned
how to use the extension specifically from one of the Roam notetaking courses in which we deployed the extension, as
well as tutorials and examples from Youtube videos and other resources from the community of users.

He had been taking notes in Roam for awhile, but without much explicit structure. In one of his main writing projects,
he was struggling to conceptualize the contribution of his work against the existing literature, and the extension
enabled him to write out and trace the "logic line" that articulated the contribution of his work, enabling him to write a

compelling introduction to his paper. In an interview, he shared®:

In my former studies...I read from about dozens of papers Then...I find that this logic line...I find that, and through another
one and through another one, I find this is the... Oh, my God! If I not[sic] write it down, all these lines, my my brain will not

understand this this story, like there’s a line...this is amazing!

His notes on the questions, claims, and evidence were written in outlines and rough scratch notes throughout his
notebook, but he was able to use the extension to gather the major discourse elements together to visually map out the
"logic line" for his paper visually on the Playground (see Fig. 9A)”. We can see here how the project’s core argument
and motivation about the scientific problem of informative frame selection of laryngeal cancer is mapped out in a series
of core questions and claims, from the severity of laryngeal cancer, to its carcinogenesis, to motivating early diagnosis
as an effective approach to addressing this disease, and the specific technique of narrow band imaging that is studied in
the project.

He shared in an interview in September 2023 — following up approximately 1 year after he responded to our usage
survey — that he was still actively using the extension for his work, and has used the extension to assist with mapping
out the argument for an additional publication. More generally, the "bread and butter" of his work with the extension

(aside from intensive writing for a focused publication) is heavily question-centric: he writes regularly in his "daily

6Zoom call 2023-09-29
7Graph snapshots shared by LZ 2023-10-20
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Fig. 9. Snapshots of LZ’s usage of the DiscourseGraph extension. (A) shows how LZ visually maps questions (gold boxes), claims
(maroon boxes) and evidence (teal boxes) in the Discourse Graph Playground to make sense of the "logic line" of a research project’s
contribution to the literature. The snapshot is annotated with the text of key questions and claims in the argument. (C) and (D) show
LZ’s question-centric usage of the DiscourseGraph extension: he tracks questions for topics of interest, and elaborates on them with
relevant claims and evidence. Here, (C) shows a series of questions around the importance, causes, and diagnostic approaches and
issues for laryngeal cancer, and (D) shows elaboration of the question of the carcinogenesis of laryngeal cancer with relevant claims
and evidence.

notes", noting down new questions that motivate him, or elaborating on existing questions with new sources, claims or

evidence (see Fig. 9 C and D)3.

5.1.2  Using Discourse Graphs to Plan and Produce Research Artifacts. LZ’s usage of discourse graphs to plan and produce
research artifacts was echoed by a number of other participants. For example, as of Fall of 2023, AP had used the
extension to research a chapter to be published in an academic collection of essays, and also to prepare a compilation of
positions, extracted from statements made by governments at the United Nations in the last several years, to serve as a
basic guiding paper for negotiations on a potential international treaty regulating international cooperation in disaster
relief assistance and risk reduction. He shared that using the extension to see "some of the patterns of positions was

"9

particularly useful”. Another striking example was MB, who used the extension to deepen and speed up the drafting of

8Field notes and Zoom call 2023-09-29
Discord message 2023-09-25
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his dissertation, including being able to write a draft of the first chapter of his dissertation (the introduction) in less
than 2 days. He described the mechanics of it like this on a user call in terms of enabling him to map out and think

through the structure of his thinking sufficiently that putting words on the page for a draft became much easier'?:

"So when you go to writing I'm like, I'm not going to pick up that article again. I'm going to write from here, so if it’s not
here I'm in trouble right. So my first paragraph might be, there’s a vast amount of theories that you know could supply
the literature: Boyd discusses bargaining power, Bertrand discusses, you know, parental attribute theory, Gomez discusses

whatever Gomez discusses right um. And boom paragraph done just because I have, you know, put this together."

Similarly, GX shared in a usage survey that the extension enabled him to "easily sort out the framework and context of
the article I want to write", especially because he was branching out from his prior background in public relations to

criminology for his PhD work!!,

5.1.3 Using discourse graphs to address specific process issues in synthesis work. From our user calls and discussions
and surveys, we got more of a picture of how the extension enabled users to improve their synthesis work by
addressing specific weaknesses or desire paths in their synthesis process. One common dimension of this was
mitigating issues from relying solely on memory for details and context. MB, elaborating more on his usage of the
extension, described how he was able to "pull things up in seconds”, in contrast to his peers in his comprehensive exam
course, who often used programs like Word, and struggled to pull up details over the course of minutes'?. Additionally,
in a call describing how the usage of the extension was impacting his work, MA said that he appreciated how the clearer
documentation of takeaways from previous papers in terms of claims and evidence enabled him to rely less on only his
memory from reading papers, and instead be far more rigorous and justified (and less wasteful, not running simulations
on questions that already have good answers) when thinking and planning out parameters for computational models'3:

"[M]ore or less previously I was only sort of remembering as much as I could from the literature, from like an initial read
through the literature: what’s, what’s, what’s been done and what hasn’t. And and I was running simulations that I thought
would be interesting, but it wasn’t rigorously justified that.. let’s say I'm varying parameter X, maybe parameter X is

already known from the literature, but I, I just didn’t read the literature carefully enough.".

Similarly, in our usage survey, PO, a clinical researcher, said (in response to the question "Why did you start using the

extension? What value is it providing to you now?"14:

"I read a lot of medical papers. A lot of times I don’t remember who wrote this, how I reference that ... where did I read that

... I thought it would be an excellent tool to organize knowledge.".
And QQ — a physics PhD student — noted, for the same usage survey question about value!:

"I need to connect the claim with both research question and literature. I think it is helpful for me to check which literature

it comes from."

Another prominent theme was the usage of the extension to increase the signal to noise ratio in their personal
knowledge bases. For instance, AP said, in response to the usage survey question about value'®:

"it has helped me apply a metadata "language" to the links in my graph such that I can see patterns and relationships
between different nodes (containing information), that would simply not be discernible from the "noise" of thousands of

links.".

1°0pen office hours call 2022-04-07
1Usage survey GX

!2Field note 2022-03-11

13Zoom call 2021-11-05

4Usage survey PO

5Usage survey QQ

16Usage survey AP
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Similarly, in response to the same question, CV, an independent sociologist, said 17:
"This extension responded to my need to overcome the fragmentation of pieces of information that I had in Roam (pages
named after a single concept, different words to refer to similar concepts, etc.). To solve this problem, Discourse Graph
has been a wonderful tool, because it has allowed me to organize the information on a more aggregate level than the one
allowed by the use of hashtags/pages.”".
And BO, a qualitative social researcher, described how the Discourse Context allowed for higher-signal ways to
explore relations to other nodes and ideas compared to the in-build "backlinks"!8:
"The "Discourse Context" section allows me to focus on important relations between my notes. In the Linked References

section there is much more ’noise’".

This comment about the Discourse Context providing a higher signal to noise ratio than the native backlinks feature
is consistent with observations of usage, as well as data from the usage survey. In response to a question about the
extent to which various DiscourseGraph extension features were currently in use (with response options ranging from
"Didn’t know about this", "Never used", "Use on occasion", and "Core part of my workflow"), 70% of respondents who
self-identified as current active users of the extension reported that the Discourse Context feature was a core part of
their workflow, and 17% reporting that it was used at least on occasion. This was by far the most used extension feature
(with the closest second being the Node Menu: 57% reporting that it was core to their workflow, and 26% reporting that
it was used on occasion).

One key design iteration that happened during the field deployment sheds further light on the potential of integrated
discourse graphing to address specific weaknesses or desire paths in users’ synthesis processes: we prototyped a
Discourse Overlay feature that enabled users to see an in-line preview of the discourse context of a discourse node —
in the form of a count of the number of discourse relations for a discourse node, as well as the number of references to
that node, appended to the right of each reference to that node in an outline — as well as explore the discourse context
for the node — by opening a "popup” overlay that displayed the Discourse Context for that node — without leaving
the context of a larger outline or argument they were being used in. The "ratio" of discourse relations to references was
inspired by the citation "badge" from Scite.Al that shows separate counts of "higher signal" Supporting or Opposing
citations to a paper, relative to the number of "mentioning” citations, to enable more nuanced reasoning over the impact
of research papers than just raw citation counts.

One core goal — in response to user feedback — was simply to increase the accessibility of the Discourse Context of
each node, enabling more efficient retrieval and traversal/exploration of these "higher signal" relations and ideas. One
comment from a user — who was collaborating with the first author on a project — illustrated this dimension of value,
describing the Discourse Context "popup” as extremely helpful for quickly exploring the discourse context around a
set of claims and questions in an outline (see Figure 10A)!?. Another core goal — also in response to user feedback
about wanting to be better able to leverage their discourse nodes in their synthesis — was to enable more "talkback"
[94, 116] from the discourse nodes to guide and support development of ideas: for example, discourse nodes that are
heavily used or referenced in an argument but with very few discourse relations might represent ideas that need further
development; nodes that have many discourse relations might indicate well-developed ideas that are more ready for
use in synthesis. The first author used this in his own writing and outlining for this exact purpose, to keep track of
the "strength" of different pieces of his argument while outlining with discourse nodes (see Figure 10B). This value

proposition was echoed by AP, who used the overlay extensively during synthesis, and shared this comment with us?’:

7Usage survey CV
8Usage survey BO
Discord message 2022-01-04
20Discord message 2022-01-14
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Fig. 10. Snapshots of usage of the experimental Discourse Overlay and Discourse Attributes features for enhancing users’
ability to leverage discourse nodes and relations in their synthesis work. (A) Using the inline ratio of discourse relations to number of
references for a discourse node to keep track of the "strength" of different pieces of an argument while outlining with discourse nodes.
Specific discourse relations and nodes are easily accessible via the overlay popup of the Discourse Context for each node (B). An
experimental "discourse attributes” feature allows users to define named mathematical functions over the discourse relations of a
node (e.g., weighted sum over number of supporting claims, evidence, and sources) that could be displayed in the overlay and used in
queries, such as showing the most "robust” claims in a graph (C).

"[IInitially the ratio did not register with me. However, as I started using the overlay more and more I started finding

myself opening up claims etc that had interesting reference-to-link ratios. It is the "pull” or "weight" you refer to. It is really

powerful and is at the core of the d/graph. You have set up a complex system, and it deserves a more attenuated or granular

representation to really convey the power of the underlying relationship structure that is being developed"
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We also prototyped an enhancement of this overlay to enable specification of custom Discourse Attributes to
display in the overlay and use in queries of the discourse nodes (see Figure 10C). These discourse attributes could be
a mathematical function of a node’s discourse relations: for instance, one could define the "robustness" of a claim as
a weighted sum of the number of supporting claims, evidence, and sources, perhaps also including a "penalty” for
opposing claims/evidence.

Unfortunately, the overlay was very performance-intensive, and we were unable to find workable solutions for
optimizing it, given the limitations of the querying mechanisms we had technical access to for the extension, which led
to very noticeable and disruptive slowdowns in the user interface. These slowdowns led to the feature becoming mostly
left unused due to performance issues. Even here, though, user reports of these performance issues underscored the
value of the feature. AP’s comment from the usage survey (in response to the question "What are your biggest pain
points or wishlist items at the moment with the extension?") is particularly illustrative?!:

"I have stopped using the d/graph overlay because it slows my graph down significantly (an issue that has been there from
the beginning). It would be great to have a solution for that because I have found that accessing the traditional context menu
add extra clicks, i.e friction, which slows things down. After setting it up, there are two components of working: adding
d/graph nodes and then afterwards processing the information from the d/graph (i.e. either looking at the relationships in the
context menu or doing queries). The former is much easier/more efficient than the latter. While search/querying is powerful,
it is sometimes overkill. If the overlay worked on large graphs/questions pages it would be a really good intermediate

solution."

5.2 Improving and Transforming Primary Research Work with Discourse Graphs

5.2.1 Opening Vignette. MA is a cell biologist who came to learn about the extension and discourse graphing approach
while preparing to start up a new lab as a tenure-track faculty member at an R1 university in the United States. He uses
computational modeling and fluorescence microscopy of stem cells to study cell biology and biophysics questions, like
the mechanisms of cellular membrane bending by self-organizing cytoskeletal protein assemblies. The goal is to make
experimentally verifiable, predictive computational models of self-organizing processes inside cells.

One motive for usage was to better bridge his computational theoretical work with experimental literature. In his
experience, there was often very little formal connections between the two, such that modeling was not systematically
backed by experimentally derived knowledge, limiting productive intercommunication between models and experiments.
A concrete example of this: in models of the role of type-I myosin in endocytosis, MA needed to choose and study
plausible value for such parameters as the binding radius, binding rate, and length of myosin-I. He used the extension
to systematically map and collate experimental observations of this angle to inform his modeling work.

Very quickly, however, he began to adapt the extension to integrate into his day-to-day experimental work in
simulations and at the bench. He realized that he could adapt the ontological distinction between claims and evidence
to his day-to-day work of forming and testing hypotheses against experimental results. This enabled him to retain rich
discourse context for his inquiry, tracing his original experimental results directly to the context of past claims and
evidence that bear on the same overarching question. He was able to extend the discourse grammar with new nodes (HYP
(hypothesis) and RES (result) nodes to formalize this extension) using the grammar editor. Figure 11 shows a snapshot
of how he used the DiscourseGraph extension to structure inquiry from literature and primary experimental work for
a question about the stoichiometry of Hip1R binding to actin filaments. In the playground (Fig. 11C) he is tracking

an overall question about the stoichiometry of Hip1R binding to actin filaments. He is questioning a specific claim

21Usage survey AP
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Fig. 11. Snapshots of MA’s usage of the DiscourseGraph extension for structuring synthesis and primary research for a single project.
(A) and (B) show a Claim and Evidence node from the literature that informs a driving question about the stoichiometry of Hip1R
binding to actin filaments. This prior discourse is shown in context of a Playground snapshot (C) alongside Results and Conclusions
for the same driving question. Note how the playground also includes an "Issue" node that describes an experiment that needs to be
run to continue the inquiry, and a freeform note about what other experiments are needed. (D) shows the contents of a Result node
about how one THATCH dimer could fit along each monomer of the actin filament based on observation of the models in ChimeraX.

about the ratio being 2 dimers to 1 actin subunit, based on a specific result from a prior study (indicated by the citekey
@senetar2004intraasteric) that "*Talin THATCH domain dimers saturated actin at 4:1 molar ratio by cosedimentation™".
The EVD node itself (11A) contains a screenshot of the key figure that depicts the result, as well as a snippet of text
from the paper that describes the result. MA has also elaborated on the specific methods context of the result ("muscle
beta actin was used"), as well as some freeform notes about possible interpretations. Note also the new HYP, RES, CON,
and ISS nodes that are added to the grammar to enable this integration of synthesis with primary research. From the
structure, it is clear that HYP and CON are the primary research analogs to CLM nodes, while RES is the analog of EVD

nodes.
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Fig. 12. Snapshots of the usage of the DiscourseGraph extension for structuring work in MA’s cell biology lab. (A) shows how the
extension enables a succinct documentation of the hypotheses, experiments, results, and conclusions of a single quarter rotation by a
rotating PhD student, enabling modular attribution and credit tracking. (B) shows the construction of aManisodpt inpnidtshtroacd!
that uses discourse nodes as entry points for contributors of varying levels of expertise, established researchers (who can find open
research questions or testable hypotheses or specific experiments they can contribute to), to generalists (who can summarize what is
learnt for a given QUE (question)), to students (who can elaborate on evidence nodes or run a scope simulation or analysis).
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Fig. 13. Snapshots of MA’s lab’s usage of the extension to structure primary research: (A) shows a recently completed section of an
experiment documented in MA’s lab graph by a lab manager, documenting the questions that motivate the experiment, and the
tangible outputs of the experiment summarized as result nodes. (B) shows how the result nodes are then shared and discussed in lab
meeting notes.

MA has since deeply integrated discourse graphs into the practice of his new lab, which he started up in the
Summer of 2022. At the time of this writing, his lab includes 1 research scientist and lab manager, 2 PhD students,
and 3 undergraduate students. MA is using the extension and the shared Roam graph to implement his vision for a
more deliberate, nonhierarchical approach to lab science, that emphasizes empowerment and ownership of work by
all participants, and a pace and openness of work that opposes the prevailing publish-or-perish hypercompetitive
culture of academic science. His overall theory of change is that new collaboration tools can facilitate cultural and
organizational change, and that using discourse graphs to break research into modular parts that can be shared and
cited could facilitate getting up to speed on a new field of research, identifying holes in research to motivate new
experiments, create new theories of understanding that synthesize interdisciplinary data, and regular exchange of
discretized results between researchers. One concrete use of the extension for this goal was to more concretely structure
and document contributions of students who rotate in for a single quarter (see Figure 12A). MA also hired a research
assistant "cybrarian" to specifically focus on the work of structuring the lab graph and developing and enforcing
(software) conventions, including the onboarding dashboard shown in Figure 12B that describes entry points into
contributing to the lab’s science for researchers of varying expertise and experience levels.

Figure 13 shows how the lab now uses individual experiment pages — analogous to individual papers, though yet
to be published — , where questions are motivating the experiment, and the tangible outputs of the experiment are

summarized as result nodes (Fig. 13A)?2, that can then be shared and discussed in lab meetings (Fig. 13B)%3.

22page 2_Yv78]JFx in MA’s lab graph
Zpage iGKQIVIO- in MA’s lab graph
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Fig. 14. Snapshots of the first author’s lab’s usage of the extension to structure primary research: first for tracking the soldiv
experiment results (A), and then for structuring ongoing qualitative analysis in terms of Hypotheses and Evidence (with links to
qualitative data points).

5.2.2  Using Discourse Graphs to Structure Ongoing Primary Research. MA’s vignette illustrates a surprising observation
from the deployment: researchers could integrate the DiscourseGraph extension to not only structure synthesis of
prior literature, but also structure ongoing primary research. This was not surprising from a logical information model
perspective: the information models that are translated in the Discourse Graph workflow, such as micropublications [24]
and nanopublications [59], were after all proposed as an alternative model for reporting on primary research (instead of
traditional narrative publications); as such, the elements of the base grammar map readily to ongoing primary research
(e.g., a claim could be a "hypothesis" in development, and evidence could be a "result” from an experiment that was just
completed). The surprise came from our initial sense that the workflows and practices for writing up primary research
were too entrenched to change.

The first author has since adopted this ontology in his own work, starting with tracking documentation of results
from an experiment and then thinking through how to sequence those results into a coherent larger contribution (Fig.
14A). More recently, the first author and one of his students have been using the discourse graph workflow to structure
analysis of a qualitative study (Fig. 14B)?%; it should also be noted that the analyses for this paper itself were also
structured in a discourse graph workflow, albeit in a different hypertext tool, Obsidian, and independently initiated by
the student (more on this in §6.3). A related desire to use the extension to support primary qualitative research was also
independently expressed by GM, an independent researcher, on the Roam Discord?’:

24STF analysis graph
%Discord message 2021-11-20
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Are there any qualitative researchers here using the discourse graph for coding? I am conducting an interpretative phe-
nomenological analysis on psychotherapists who use psychedelics in their private life: Using the discourse graph and query
search to exhaust my data. I could do that quite easily, using the questions from the semi structured interview as QUE’s,

data from the QUE’s as EVD to support claims for the themes.

5.2.3 Using Discourse Graphs to Augment Research Training. Related to this structuring of ongoing research, we
observed the potential of the extension to help beginning researchers learn the process of doing research and
synthesis. Indeed, the potential of discourse graphing to do this was the impetus for launching the field study. In the
initial demo of the MVP system in August 2021 to a small set of power users in the Roam community to get a sense of
the potential interest and value of the extension, LM, a senior PhD student who was teaching a dissertation writing in
Roam in an online course said?®:

I see this as a teaching tool. so many people come into a degree, with no idea how to even begin researching yes, so it could

be sold as a, this is not a tool to use as you research, but this is a tool to teach you how to research.

That call led to an initial demo of the extension to a set of students the next day by LK, another senior PhD student
who also taught an online course on academic workflows in Roam. The positive initial feedback from the students and
the demo spurred a decision to deploy it for the next cohort of his course.

Separately, we also saw evidence of this "learning effect” from other sources of data from the deployment. For
example, CV, an independent sociologist, described how the extension enabled her to think differently about how to
organize her thoughts®’:

Discourse Graph has not only helped me as a tool, but it has made me conceive the process of organizing thought in a

different way. It has helped me collapse different related pieces of information around one question/goal.
Similarly, SD, a cognitive science PhD student, said®3:

I liked the way it made me *think™ about the literature, in terms of Questions/Answers

5.3 Augmenting Collaborative Research with Discourse Graphs

5.3.1 Opening Vignette. In the Fall of 2023, approximately 1 year into using the discourse graph to structure ongoing
primary research, MA shared how he had used the discourse graph to work with a PhD student to synthesize and
summarize a series of results from experiments. The process began with a series of queries over the results discourse
nodes associated with their ongoing questions, experiments, and hypotheses for the project. After “dumping” these
nodes onto a Playground canvas, MA and the student then used the canvas and nodes to formulate their conclusions
for a core research question, structured in terms of a cluster of result nodes that would become the basis of a later
compound figure in a publication (see Figure 18 C and D). Reflecting on the process, MA noted 2°:

1 did a 3-hour synthesis session with...(a PhD student) yesterday. I had him convert his results into result nodes (which
he had been resisting) and we used a query to drop those nodes + related discourse nodes onto a canvas, to compose into
what ended up being two figures. He commented a couple of times how the process called out where he thought he was
keeping everything in his head but there were actually parts he had confused or forgot about or duplicated. Especially for

the purpose of introducing and communicating the findings to someone else.

2Field note 2021-08-11
2TUsage survey CV

28Usage survey SD

2Discord message 2023-11-25
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(A) (B)

= Pager ‘s

Figure: Force-atienuated capping Increases the length and number of filaments in endocylc actin networks.

i

Fig. 15. Snapshots of MA using the discourse graph to collaboratively synthesize experimental results with a PhD student to formulate
conclusions for a core research question. MA and the student visually cluster result nodes, shown in maroon here (A), into the
beginnings of a "compound figure" with results that substantiate shared conclusions, suitable for inclusion in a publication, shown in
dark green here (B).

5.3.2 Discourse Graphs as Shared Context. Collaborative usage of the discourse graph — as illustrated by the preceding
vignette — was primarily directly observed in he first and fourth author’s labs. In the first author’s lab, the first author
developed a practice of routinely "bringing in" discourse nodes in collaborative 1-on-1 and group meetings to
provide shared context, spur ideation, and leave pointers for followup work. Figure 16A shows one example of
the first author referencing a network analysis result encapsulated in an EVD node in a group meeting to assist with
the development of a study plan; the EVD node was used as a quick access point to retrieve an example of the semantic
network analysis — including concrete screenshots and methodological details that were attached to the EVD node
— that was being proposed for the study 3°. In this specific example, the EVD note was created in March 2022, and
referenced in the meeting more than a year later, in June 2023. In a note reflecting on this practice, the first author
described its impact on collaborative work like this 3!:

really tough to kind of... push things through a straw (speaking), and really ineffective and inefficient to try to push through

writing. can get alignment through shared sketching. but what about all that context? ...d/graphing is a way to structure

your environment to make resources easier to access...bringing it to the table instead of a mere mention

Students and collaborators were also able to draw on the growing discourse graph in the lab to scaffold their
thinking and writing. Figure 16B shows an example of how AS, a master’s student in the lab, was able to draw on the
lab’s discourse graph of claims about the role of analogies in creative work, and barriers to benefiting from cross-domain
analogies, to scaffold his outlining of his thinking for his thesis: the CLM nodes provided efficient access points to
key sources and empirical results to set the context for his problematization, and allowed him to focus on the more
30page sKd3L_WST in first author’s lab Roam graph

31Field note 2022-05-23
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Fig. 16. Snapshots of discourse graphs augmenting collaborative work in the first author’s lab: (A) referencing a specific result as an
example of a specific type of analysis, to reached shared grounding for planning studies with student advisees, and (B) a master’s
student scaffolding his outlining of his thesis introduction by building on the lab’s library of claims for the formative steps of his
argument, allowing him to focus on exploring and expanding the literature review closest to the unique contribution of his thesis.

immediate literature context of his thesis contributions 2. RH and BL, with whom the first author is collaborating on a

research project, also built on existing CLM nodes to propose new hypotheses 3> and also connect analysis of data to

existing CLMs 34,

Similar examples of discourse graphs augmenting collaboration were observed in MA’s lab. For example, MA has

developed meeting templates that rely on structured queries over discourse nodes to help him "load context”

before meetings (Figure 17A): the questions, claims, evidence, experiments, and results that are associated with a

32page a2sXaJP4u from first author’s lab Roam graph
338S hypertext notebook
34Email 2023-11-18
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Fig. 17. Snapshot of discourse graph usage enabling shared context in collaborative research meetings: MA uses meeting templates
with structured queries over discourse nodes to "load context” before meetings (A). The associated questions, claims, evidence,
experiments in the structured queries (C), as well as linked experiment nodes provide efficient access points for relevant details, such
as experiment plans and protocols (B), enhancing contextualization.

given meeting (Figure 17C) provide context and efficient access points for needed details, such as experiments and

protocols associated with a specific result (Figure 17B)33:

we have this running query about what types of discourse nodes they or we created, which are the scans for discourse
nodes created by them, or that I created in this page, or that were created during our group meetings page under heading
corresponding to their name. And it’s sort of a running scan for the last two weeks, something like that. So that gives me
that sort of continual instant query gives me a lot of useful information that I can look into...And so for example, if I say
like, actually, I don’t know enough about this experiment to comment on it, I can go click and like look at what has been
done so far, like what protocol did they use, etc, etc. So all of a sudden I have enough context loaded, enough context loaded

to be useful in the meeting.

5.3.3 Discourse Graphs as Coordination Structure. Elaborating more on observations of lab practices for structuring
collaboration around discourse graphs, MA’s group meetings often use discourse graphs to provide common
language and context to structure collaborative work (moving forward). One concrete example was describing
and summarizing a weekly update in terms of hypotheses and results, and then creating an issue node to structure
needed follow-up work, which was subsequently claimed by an undergraduate researcher, while retaining links to the
context of questions and hypotheses (see Figure 18A and B):

my favorite example that happened recently is that I, you know, here’s like a future issue for later. [student’s name] started
describing her project, and I converted it. I created an issue. Highlights, converts to an issue, and then you get like all this like
information like who might contribute, and then somebody can claim the issue. And if they do that, then it gets converted
into an experiment that they’re running. And so the like the time lag between me creating and this issue and [the student]

claiming it was like 30 seconds, which I think was great.

%Screen recording 2023-11-17; Page UA6e6XHVq from MA’s lab Roam graph
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(B)
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Fig. 18. Snapshots of discourse graphs providing common language and context to structure collaborative work: weekly updates are
summarized in terms of hypotheses and results (A), with issue nodes structuring follow-up tasks to test new hypotheses (B).

This structuring and focusing effect of discourse graphs for collaborative research was mentioned by a few other
users, including enhancing collaboration of PhD students with their advisors 36 as well as in a biomedical R&D lab 37.
Together, these data points provide an initial proof of concept that discourse nodes can be useful to someone other than

the author, albeit within collaborations with a high degree of shared context, and often in synchronous settings.

6 EVALUATION II: SOCIOTECHNICAL PRECONDITIONS FOR A DISCOURSE-CENTRIC
INFRASTRUCTURE

In this section of our reflections, we describe how the local transformations of scientific practice described in §5 were
enabled by technical approaches for incremental formalization of lab and reading notes into discourse nodes and edges
(§6.1), as well as local extensions of the discourse grammar to cover local nuances of practice, including structuring
primary research, and supporting synthesis work beyond empirical science (§6.2). We then describe evidence that these
discourse-enabled lab notebooks can also be implemented in a range of technical substrates (§6.3), pointing the way to
a future where a diverse set of discourse-enabled lab notebooks can be networked in a peer-to-peer fashion using a

discourse graph model as a common data exchange protocol.

6.1 The Possibilities and Limits of Incremental Formalization for Authoring Discourse Nodes and

Relations

In our design work on DR1, we hypothesized that discourse graphing can be integrated into everyday scholarly work if

it feels as easy as, and is integrated into, existing work like annotating and outlining. Our field data yielded partial

36Usage survey QQ; Field note 2022-04-27
*"Field note 2022-02-08
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Fig. 19. Snapshot examples of users integrating discourse nodes into informal and semi-formal writing in their Roam notes, collating
informal notes alongside claims and evidence within a question page (A), and integrating a key claim while taking notes on potential
takeaways for a writing project from a single paper (B).

confirmation of this hypothesis, mostly for node authoring, with some major design feedback around the continued
need for smoother recognition of relations.

A range of data points suggest that users were able to use the node menu to integrate authoring of discourse
nodes into their synthesis work. First, of the four users who shared a csv export of their discourse graph with us in
the usage survey, we saw that these users created an average of 1.4k nodes, within the first year of usage (see Figure 27
in Appendix C). Additionally, from the self-report data from the usage survey on how important each feature was to
their workflow, 60% of users who (at the time) identified as active users reported that the node menu — which enabled
the create-node-as-annotation authoring experience — was core to their workflow. We also saw frequent examples
of integration of discourse nodes into semi-formal or informal text, indicating the intended use case of incremental
formalization of ideas into discourse nodes where appropriate (as opposed to forcing all authoring to be only discourse
nodes; see Figure 19%%).

The authoring experience for discourse relations was a little more complicated. In both user behaviors and feedback,
we observed desire paths for smoother and less effortful means of specifying discourse relations than was
currently possible in the extension. First, in discussions with users and observation of their usage patterns, we
noticed that, while discourse nodes were frequently created and integrated into various forms of notes, such as notes
on research papers or outlines for an argument, explicit relations such as SupportedBy were less frequently present.
Instead, users relied on the built in low-friction means of relating nodes, such as simply indenting one node under
another, and relying on context or (often unwritten) convention to interpret the relations. Figure 20 shows some
examples of this behavior (relating nodes simply by indenting them; A)*?, as well as an example of the consequence of
this for the density of the discourse relations that are actually encoded vs. implicit in the less formal connections in the

graph based on indentation and other forms of connections (B)*’.

38Snapshot shared in usage survey LZ; Open office hours call with MP 2022-04-20
39Open office hours call 2022-04-27; Zoom call 2022-09-29
40Data exports from MA lab 2023-11-04; Field note 2023-11-04
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Fig. 20. Snapshot examples of users relating discourse nodes in implicit or informal ways, such as indentation, rather than explicit
discourse relations such as "SupportedBy" (A), and an example of the contrast between the richness and density of interconnections
between nodes in MA’s lab graph (as defined by these less formalized connections; here shown in a screenshot of graph overview
visualization in their Roam graph) and the relative sparsity of discourse relations in the discourse graph export from the same lab

graph (B).

This lack of explicit discourse relations was less of a limiting factor than we anticipated: users were still able to use
the native "bi-directional links" in the Roam graph to navigate and retrieve valuable information from their discourse
nodes, as documented in §5.1. CS, a library and information science PhD student, illustrated how this was possible. She
was using the extension to collate key takeaways from across literatures on second-language learning, brokerage, and
immigrant acculturation, but was not able to share a usable export of the discourse graph for the usage survey because
there were essentially no discourse relations. She explained, though, in a followup call, how she was still able to get
value out of her discourse nodes*!:

"I know that I haven’t done it properly in this case, but it doesn’t matter, because I can still effectively click on this and see
them all, and I can see what ones they’re attached to. So it doesn’t matter to me that I can’t necessarily see, because I can
still see TESOL claim evidence. I have my pop. Pop. The things I need to know, plus where it came from. So I don’t care that
Idid it wrong."

6.2 The Importance of Extending and Personalizing the Discourse Grammar

As noted in §4, we anticipated some extension of the discourse grammar, chiefly to cover ways of expressing discourse
relations between the base set of questions, claims, and evidence that we may have missed in our initial design. We
did not, however, anticipate the extensive expansion of the base discourse grammar by our users, along with
intensive use of the grammar editor. To orient with some basic statistics from the usage survey, 40% of users
self-reported the grammar editor as core to their workflow, with an additional 40% reporting at least occasional usage.
Less strictly quantifiable was the frequent discussions of extending/personalizing the discourse grammar on our main
Discord channel, and in open office hours and other forums; as a quantitative snapshot, a search for the term "grammar"
in our main Discord channel showed 57 individual messages referencing the term "grammar"; many of these messages

1 Zoom call 2022-09-29
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Fig. 21. Example snapshots of key user-driven expansions to the base discourse grammar in terms of new discourse nodes, spanning
functions such as structuring primary research, finer-grained claims and argumentation, bridging to entity graphs, and expanding
beyond empirical science.

were in the context of conversations or led to threads discussing how to define or extend the grammar. Qualitatively,
one of the core users, AP, created his own video describing his grammar expansion for legal research*?, which was
mentioned by several other users as a helpful resource*3.

The primary way that users extended the discourse grammar was by defining new types of nodes. Figure 21
summarizes some key new types of nodes we observed in usage 4. Some nodes — such as HYPotheses, or RESults —
were created to support primary research (described in more detail in MA’s usage vignette in §??, as well as in §5.2.
Others were created to enable finer-grained claims and argumentation, such as distinguishing between higher-level
CONclusions and more atomic PROPositions. TRM (term) nodes were created to bridge the discourse nodes to more
defined entities and constructs.

Some nodes were also created to extend beyond empirical science. For example, DSV is a venture capital firm that
focuses on investing in companies that translate frontier science into products with high impact on grand challenges
such as regenerative agriculture, computation-assisted collective intelligence, climate change, and curative therapeutics.
They extended the discourse grammar to enable explicit tracking of opportunities, constraints, and solutions, and
their grounding in scientific evidence nodes. This enabled them to reason much more carefully in the process of

42 AP video walkthrough of discourse graph set up
430pen office hours call 2022-04-04
44Usage survey MA; Open office hours call with MP 2022-04-20
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scoping opportunity areas, including assessment of the necessity and sufficiency of particular venture areas (based
on interrelations between constraints and solutions) for grand challenges alongside their level of readiness based
on scientific evidence (based on relationships between constraints and solutions and evidence; see Figure 22). In a
document describing their motivation for developing their usage of the extension, they wrote*3:

[W]e need systems to help us make structured claims and arguments about the possibilities of applied science. We want to

be able to answer questions like, "What are the known constraints, both technical and commercial, on achieving societal

outcomes?", "What specific pieces of knowledge currently exist related to those constraints?", "How might we uncover

counterintuitive or non-obvious intervention points?", "What kinds of expertise are likely to interact effectively with these

pieces of knowledge, and who has this expertise?", and "How can we stimulate combinatorial innovation - getting people

across domains to speak the same language and making knowledge easy to integrate?"

This grammar extension was developed with the first author’s assistance on a number of user calls, and inspired
improvements to the DiscourseGraph extension grammar editor (see §6.2 for more details). While they found value in
the way that the extension enabled them to structure their thinking, they have since moved on to use their enhanced
discourse grammar in a less formal way to structure their thinking and conversations, and their new experiments with
a language-model-powered scoping assistant, which also operates on opportunities, constraints, solutions, and evidence
(along with connections and chaining between these node types) as primitives. EM, the team member who had led the
implementation of the discourse grammar shared in a semi-structured interview in Fall 2023 that a major reason that
they left was the frictions of the Roam software itself, including a lack of affordances for structuring collaborative work,
such as version control, comments, and granular permissions; yet, the enduring impact of the extension on their work
has been, in her words, “more of a cultural change than a procedural change™®.

AP also extended the discourse grammar to cover conclusion nodes, similar to MA, and also specific relations such as
substantiates, to enable integration of synthesis into his primary research work in international law (see Figure 23)*”.

To enable this expansion of the grammar, a substantial portion of our development effort during the deploy period
was focused on enhancements to the grammar editor. In addition to small quality-of-life improvements like adding
color distinctions between node types, and preserving the layout of nodes in the relation pattern editor, one major
design enhancement is worth highlighting here to illustrate the nature of users’ expansion of the grammar: we added
the ability to "clone" or "copy-paste" relation patterns (see Figure 26 in Appendix B). The main motivation for this
feature request from users was to ease the cost of defining new discourse node types that were variants or subtypes of
existing node types.

For example, MVD, in a direct message on Twitter, described a desire to create subtypes of claims (alluding to the
nuances he proposed, as described above) that inherited relation patterns of the base "claim" node*®:

What I'd really like is to be able to define subtype of relations (i.e. different kinds of claims). BUT that each subtype
automatically inherits the properties of its parent type. i.e. you don’t have to add every new claim-relation when you make
a new subtype of claim.
MA expressed a similar request in a Discord message, to assist him in setting up the expansion of the grammar to cover
primary research discourse nodes, such as RES (result)*’:
I was messing around with getting the grammar to work with RES, didnt explore it thoroughly, wondering if you have

thoughts about that (e.g. being able to inherit the grammar from EVD).

“*Document 2022-09-22

40Zoom call 2023-10-03

47 AP video walkthrough of discourse graph set up
43 Twitter direct message 2021-11-22

“Discord message 2022-01-08
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Fig. 22. Snapshots of DSV’s usage of the DiscourseGraph extension to scope constraints, requirements, and solutions in an opportunity
area for potential investment, alongside scientific evidence. (A) shows a scoping tree of requirements, constraints, and solutions for
the high level grand challenge of energy efficient data systems, and (B) shows the contents of a page describing a hypothesized
constraint around the uncertainty of being able to ensure sufficient critical mineral supply for green technologies, which is grounded
in references to specific evidence nodes. The page also surfaces (via the Discourse Context component) specific discourse relations
of "enabledby”, "constrains’, and "jointly necessary", as well "informed by" relations to important pieces of scientific evidence.

There was also some expansion of the discourse graph grammar to cover new types of discourse relations and
relation patterns. For example, AP added new relations such as "Substantiates" between Claims and Conclusions, and
"Makes" between Authors and Claims (to be able to trace claims back to specific authors)*’. And DSV added numerous
relations to express their such as "Constrains" (between Constraints and Solutions) "Enables" (between Solutions and
Constraints, and between Solutions), and "Jointly Necessary" (between Solutions and Constraints/Solutions)®!. The
first author’s lab also implemented a "ConsistentWith" relation to see "sibling" pieces of evidence that support the same
claim (expressing a sort of "conceptual replication" relationship, to give a sense of how "robust" a piece of evidence is in
the network of evidence)®2.

These new relations, though, were less common than the new nodes created. It is hard to determine the extent to
which this was a lack of desire for more sophisticated and expressive relations, vs. technical difficulties. Given the
expressed and observed desire for smoother and less effortful specification of relations described in the previous section
(§6.1), as well as some user data on the continued desire for easier ways to express these patterns to the extension’s
parser to be able to pick them up (including several instances of the first-author assisting users in defining relation
patterns on user calls), we infer that user-friendly recognition of discourse relations remained an open problem in the

0Field note 2021-12-16
51

%2Zoom call 2022-07-22
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Fig. 23. Snapshots of AP’s usage of the DiscourseGraph extension to map out positions and issues for an international law research
project. (A) shows a question page that was used to track and synthesize various claims and conclusions about the views of Governments
on the final form of State responsibility articles, and (B) shows a specific page for the claim "A convention would not bring much
added value, as the articles annexed to Assembly resolution 56/83 were already proving their worth and entering the fabric of the law
through State practice, court decisions and the teachings of scholars". The page tracks the source of the claim (the Author being the
UK, documented in the @sixthcommittee SummaryRecordsFiftyninth2004-15th source, as well as the claim’s discourse relations to
other discourse nodes that are highlighted in the Discourse Context component, such as its substantiates relation to the conclusion
that "There was no need to have a convention on State responsibility”

extension. AP’s note about the burden of specifying relation patterns in the editor shed some light on this (here his
mention of the “playground” refers to the visual editor we provided for specifying relation patterns)®>:

It would be great to have a quick way of editing existing relationships, other than returning to the playground. I on occasion
"tweak" my existing relationships. For example, Sometimes I want to change a from "child" to "descendant" so as to pick
relatinships between nodes nested further down the stack. Going back to the extension page and tweaking can take time and
can disrupt the flow. Once a relationship is set up, it would be great to have some sort of abbreviated view of the components
of the relationship, each of which could be tweaked. In fact, this latter idea could be the basis for eventually abandoning the
playground metaphor. While I like the playground, especially since the visual metaphor is useful, it still suffers from the
problem that it loses the layout each time you go out and then comeback (at least it only keeps the layout if you go out and
return quickly. It is a real pain point to have to reorganize the relationships each time in the visual editor. Either this has to

be fixed, or the playground might need to be replaced with another method.

6.3 Transferring the Discourse Graph System across Diverse Technical Settings

One barrier to observation of collaborative usage of discourse graphs was the fact that many scholars with whom our
users collaborated already had their own established workflows. This is not surprising, given what we know about
the diversity and idiosyncracy of tooling for scholarly work [15, 90]. To elaborate on this further, we observed several
instances of users requesting a "port" of the DiscourseGraph extension to different tools they were more familiar with
or preferred to work in, for various reasons. For example, an early-career faculty member, explained in their usage

33Usage survey AP
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Fig. 24. Snapshots of observed instances of user-driven implementation of discourse graphs in a similar outliner hypertext notebook
(Logseq) (A), an HTML markup library for web publishing (B), a markdown-based hypertext notebook (Obsidian) (C), and a visual
hypertext notebook (Tinderbox) (D).

survey how they preferred to do their synthesis work in Obsidian, a markdown-based hypertext notebook, and was
attempting to (manually) adapt the Discourse Graph workflow in their work there®*:

I haven’t used discourse graph extension as much as I might just because I've been using Roam a lot less recently. This is
because I do my synthesis work in Obsidian because it is easier to transition to writing there. But if there were an extension

for Obsidian, I would 100% use it because my solution is kind of a hack.

4Usage survey MD
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We were heartened, therefore, to observe organic spread of the Discourse Graph practice and software beyond
Roam: through our involvement in the "tools for thought" community on forums and community chats, social media,
and calls with users, we observed implementations of Discourse Graphs in Obsidian *> (see Figure 24C), Tinderbox (a
longstanding visual hypertext notebook; see Figure 24D), Tana (an outliner hypertext notebook similar to Roam but with
more powerful in-built primitives for applying schemas to notes>®. Notably, users from the Logseq community organized
an $8,000 bounty (funded in part by a grant from one of their institutions) for a full port of the DiscourseGraph extension
to Logseq; over the Spring through Fall of 2022, those users, and the developers they recruited, involved the first author
in several working meetings to develop specifications for a minimum viable prototype port®’; Figure 24B shows the
progress of the prototype, which was released to users for testing in December 20238, MA also sparked efforts to

prototype a discourse graph authoring markup in a web publishing framework (see Figure 24B)>°.

7 DISCUSSION

In this paper, we explored the HCI problem of how to grow new knowledge infrastructures optimized for sharing,
reusing, and synthesizing knowledge. Over a 2.5-year span of participatory Research through Design with a distributed
community of researchers using hypertext notebooks, we sketched out a design vision for how to integrate the seeds of
a discourse-centric infrastructure into local scientific practices, and the collaborative and institutional structures of

research. Our field deployment highlighted the following key aspects of this vision:

¢ Intrinsic benefits of discourse graphing for improved synthesis (§5.1), transformed primary research and
research training (§5.2), and augmented collaboration (§5.3)

¢ Sociotechnical preconditions for successful integration, including smooth(er) incremental formalization [96]
of notes into discourse nodes and edges (§6.1), and local personalization of discourse graph grammars (§6.2)

e Technical means of networking these local discourse graphs into a larger infrastructure by integrating

discourse graphs into a diversity of notetaking tools, while retaining a shared data model (§6.3)

We can map our results to Edwards et al’s [34] historical model of infrastructure development to understand how
these results contribute steps towards growing an infrastructure for synthesis. From the perspective of this model, the
discourse-enhanced lab notebooks are local systems that augment synthesis. The authoring of discourse graphs in an
interoperable format, and evidence of their use in collaborative research work, are seeds of distributed networking of
these local synthesis systems. And the organic spread of the discourse-enhanced lab notebook pattern from our original
technical setting of Roam Research to other technical settings, and from our original empirical science setting to other
substantive domains, constitute seeds of technology transfer across different contexts. We are especially excited
about this point, since infrastructure studies have observed that technology transfer is often a key catalyst for growing
local systems into infrastructure [34]. For these reasons, we claim that our results go beyond illuminating a design
vision: they also contribute concrete steps towards an infrastructure for synthesis.

We close by discussing the open HCI research problems our design vision illuminates for continuing the growth of a

discourse-centric research synthesis infrastructure, as well as broader implications of our work for HCL

35Field note 2022-01-13; Field note 2022-04-13
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7.1 How HCI can Contribute to Continued Growth of an Infrastructure for Synthesis

As we have argued, the effective local systems for synthesis and transfer across technical contexts constitute a trajectory
towards infrastructure. We see the next phase of work being fruitfully focused on networking local discourse graphs:
what work remains to continue this trajectory, and what can HCI contribute?

First, as described in §6.1, we observed limitations in terms of being able to smoothly author discourse edges. This
is in part because the mechanisms by which our system was able to recognize patterns of discourse was limited to
fairly coarse primitives of the hypertext medium (of indentation or linking, for example): to enable more specific
semantics, such as differentiating between support and oppose relations, users had to manually specify and execute the
relevant patterns. We wonder whether users might be able to more smoothly recognize latent discourse edges in their
existing work with systems that integrate Al approaches for transforming unstructured (text) data into more structured
formats. There is already a history of work like this in the field of (semi-)automated evidence synthesis [52, 69, 106]:
we are curious whether the apparent leaps in capacity from transformer models and large pretrained models [11]
might make AT assistance more immediately useful. This could be an interesting problem to connect with research on
mixed-initiative intelligent user interfaces [47, 50]. This problem could also be framed as one of empowering users —
often with little to no existing programming expertise — to "program" their notes, thereby connecting with research on
end-user programming [77].

Second, we also observed some “non-atomic” authoring of discourse nodes. For example, some nodes used undefined
abbreviations, or were written with unresolved references. Evidence nodes were also often "empty" placeholders: they
lacked direct descriptions or links to methodological details or contextualizing snippets from papers. These nodes
were still useful for individuals and within synchronous, tight-knit collaborative work contexts, and provided some
ready-made on-ramps for conceptually significant “legitimate peripheral participation” [62] for beginning research
assistants (as described in §5.2 and Fig. 12B). However, CSCW research on the knowledge sharing [2] suggests that
additional labor is likely needed to make them useful beyond these tight-knit settings. Here, again, we think there may
be interesting research directions around mixed-initiative interfaces that integrate advances in argument mining [92],
claim generation [115], or scientific document information extraction [53] to assist with rewriting and contextualization
of discourse graphs for sharing.

Third, as described in §6.2, we saw the core data model of questions, claims, and evidence, being frequently locally
extended, while still preserving core properties across the local variations. For example, the core "claim" node type
bridged between a past-focused variant of synthesis work (similar to systematic reviews) and the emerging practice
of micropublishing ongoing primary research. And the core "evidence" node type also bridged between empirical
science and design innovation. This dynamic of minimal shared global semantics paired with local variation the core
notion of boundary objects [103] that facilitate coordination across social worlds and can be developed into standards
for infrastructure formation [65]. We are curious to see more direct tests of whether discourse graphs could act as
boundary objects in actual practice. For example, what would happen if we enabled peer-to-peer exchange of local
discourse graphs across, say, evidence synthesis groups like Cochrane, biomedical research labs, and biotech innovation
companies and investing firms? Would these groups be able to coordinate and share information usefully via the
common nodes of claims and evidence, while extending and connecting them to local extensions, such as hypotheses
and issues (for primary research), or constraints and solutions (for innovation)? This research could illuminate the next
set of (socio)technical problems that HCI researchers might be able to tackle to enable federation or networking across

local discourse graph systems. From one perspective, this could be framed as a purely technical problem, and approach
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it similarly to research on ontology alignment and integration. But given the deeply sociotechnical nature of negotiation
and alignment that constitutes standards development [34], HCI research might make important contributions by

drawing on existing design patterns for supporting collective deliberation [57] and infrastructuring [63, 82].

7.2 Broader implications for HCI

Our work also has broader implications of for HCI beyond metascience. For instance, the successful application of
incremental formalization as a design pattern in the context of research synthesis further validates the power of that
design pattern for building interactive systems that support creative knowledge work. The power of the discourse
graph formalism can also be understood as convergent validation of the power of domain-specific languages (DSL)
[38] for augmenting individual and collaborative intelligence, such as the IBIS system [26, 61], Fischer’s work on the
Envisionment and Discovery Collaboratory (EDC) [7, 8], Liddo et al’s work on applying similar discourse-centric models
to structure and augment contested collective deliberation [28, 66], and models of cross-domain analogical retrieval
based on an underlying schema of matching problems and mechanisms [55] to name just a few. We think that more
exploration of varieties of domain-specific languages might broaden the settings of creative work that HCI is able to
augment. These domain-specific languages might also form the basis of more effective “shared representations” [47] that
enable more transparent, controllable and effective development of mixed-initiative systems, or more user-controlled
retrieval-augmented generation (RAG) workflows [40] for creativity support.

To close, we reiterate that we found key concepts from sociotechnical and critical studies of infrastructure and
knowledge sharing — such as the frame of growing infrastructure, or boundary objects — to be immensely helpful
for guiding our design work. These concepts went beyond descriptions of what should not be built or what cannot
work (e.g., naive repository models for knowledge sharing, as described in [2]): they helped us envision what could
be built: in this case, a new infrastructure for synthesis grown from a new installed based of enhanced synthesis and
research notetaking systems. We see our work therefore as contributing an additional example of how HCI research
might fruitfully bridge the “great divide” between system building and social analysis [16]. We believe the integration
of critique and systems building is increasingly necessary as HCI seeks to respond to pressing sociotechnical and

infrastructure-scale problems, such as misinformation, and privacy and security amid the proliferation of generative Al
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A USAGE SURVEY QUESTIONS

(1) What is your occupation? Options:
e Research - Academic
e Research - Independent / applied
o Other

(2) Where are you in the world? Please share city/state and country as you feel comfortable. (Free text)

(3) What sorts of things do you work on? If you're a researcher, you can briefly describe your general research
area(s) and some examples of problems you work on. If you’re not doing research, briefly describe what you do.
Think about the length of a Twitter bio or so. (Free text)

(4) If Occupation = “Research - Academic™:

(a) What is the nature of your academic research position? Options:

e Undergraduate Student Researcher

e Graduate Student Researcher - Masters

o Graduate Student Researcher - PhD

o Postdoctoral researcher

o Tenure-track faculty - pre-tenure

o Tenure-track faculty - post-tenure

e Professional / teaching faculty - junior

e Professional / teaching faculty - senior

e Other full-time position (e.g., research scientist)
e Other

(5) Are you a current user of the extension? Options:
e Yes
e Maybe - still exploring if will fit
e No - tried but didn’t stick

(6) If user = “Yes”

(a) How did you learn about and start using the extension? Common sources include Roam courses, Twitter,
and Slack/Discord. We want to understand the channels through which the extension is spreading: what
communities or sub-communities seem to be open to or need something like this. We also want to understand
what sorts of support is needed to learn to use the extension. (Free text)
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(b) Why did you start using the extension? What value is it providing to you now? We want to understand
the value proposition of this extension and its concepts for other users like yourself. It would be especially
helpful if you are able to share specific examples of the extension’s functionality delivering value to you,
perhaps in contrast to how things used to be before you started using the extension.

(c) Have you have you shared any part of your discourse graph with others? Why and how? What went
well / could go better? We want to understand the value proposition of this extension and its concepts for
improving collaborative/distributed synthesis.

(d) Which of these features do you use? If you’re unsure of the list of features, you might learn more here:
https://oasis-lab.gitbook.io/roamresearch-discourse-graph-extension/ (Options for each feature: “Didn’t know
about this”, “Never used®, “Use on occasion”, “Core part of my workflow”)

e Node menu (for creating nodes)

e Discourse context

e Query drawer (ad-hoc)

o Discourse overlay

e Grammar editor (for creating/modifying nodes and relation patterns)
e Export

e Playground

o Node discourse attributes

o Node index

o Node templates

Query drawer (saved to pages)

(e) Is there a screenshot (or set of screenshots) or video walkthrough you are willing to share to illustrate
your usage of the extension and what value it provides to you? (File upload)

(f) Alternatively is there a link to a recording (Loom/Youtube) you are willing to share to illustrate
your usage of the extension and what value it provides to you?

(g) If you shared a screenshot/video, would you be ok with me sharing this with other potential users
and in research reports to help others understand the extension? If you say no, I will use it only for
confidential analysis. (Options: “Yes”, “No”

(h) Would you be willing to share your csv export? We are interested in understanding how people are
using and modifying the grammar. We would like to analyze how many nodes and edges have been created,
and how interconnected these are in your graph. If possible, we would also like to understand how the
core question/claim/evidence nodes are used and written. If you are concerned about privacy, please feel
free to remove the title and/or author names from the nodes csv before uploading here. If you wish to
do so, and are not sure how: open the command palette (CMD/CTRL + P) and select "Export Discourse
Graph" and then select the Neo4j export type. You will be prompted to save a .zip file, from which you can
extract two csv files (<yourgraphname>_query-results_<datetime>_nodes.csv and <yourgraphname>_query-
results_<datetime>_relations.csv). Feel free to attach the zip file, or the modified csv files separately. (File
upload)

(i) What are your biggest pain points or wishlist items at the moment with the extension? We are
interested in understanding the main blockers to something like this extension being used by users like

yourself, and what we might be able to do to remove those blockers. (Free text)
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(7) If user = “Maybe”

(a) How did you learn about and start exploring the extension? Common sources include Roam courses,
Twitter, and Slack/Discord. We want to understand the channels through which the extension is spreading:
what communities or sub-communities seem to be open to or need something like this. We also want to
understand what sorts of support is needed to learn to use the extension. (Free text)

(b) Why did you start exploring the extension? What value do you hope it could provide to you? We want
to understand the potential value proposition of this extension and its concepts for other users like yourself.
It would be especially helpful if you are able to share specific examples of how you hope the extension’s
functionality would deliver value to you, perhaps in contrast to how things are right now in your workflows
and work.

(c) Which of these features have you explored? If you’re unsure of the list of features, you might learn more
here: https://oasis-lab.gitbook.io/roamresearch-discourse-graph-extension/ (Options for each feature: “Didn’t
know about this”, “Never used®, “Use on occasion”, “Core part of my workflow”)

e Node menu (for creating nodes)
e Discourse context

e Query drawer (ad-hoc)

e Discourse overlay

e Grammar editor (for creating/modifying nodes and relation patterns)
e Export

e Playground

o Node discourse attributes

e Node index

e Node templates

e Query drawer (saved to pages)

(d) What are your biggest pain points or wishlist items at the moment with the extension? We are
interested in understanding the main blockers to something like this extension being used by users like
yourself, and what we might be able to do to remove those blockers. (Free text)

(8) If user = “No”

(a) How did you learn about and start exploring the extension? Common sources include Roam courses,
Twitter, and Slack/Discord. We want to understand the channels through which the extension is spreading:
what communities or sub-communities seem to be open to or need something like this. We also want to
understand what sorts of support is needed to learn to use the extension. (Free text)

(b) Why did you start exploring the extension? What value did you hope it could provide to you? We
want to understand the potential value proposition of this extension and its concepts for other users like
yourself. It would be especially helpful if you are able to share specific examples of how you hoped the
extension’s functionality would have delivered value to you, perhaps in contrast to how things are right now
in your workflows and work.

(c) Which of these features did you explore? If you're unsure of the list of features, you might learn more
here: https://oasis-lab.gitbook.io/roamresearch-discourse-graph-extension/ (Options for each feature: “Didn’t
know about this”, “Never used®, “Use on occasion”, “Core part of my workflow”)

e Node menu (for creating nodes)
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e Discourse context

e Query drawer (ad-hoc)

e Discourse overlay

o Grammar editor (for creating/modifying nodes and relation patterns)
e Export

e Playground

e Node discourse attributes

e Node index

o Node templates

Query drawer (saved to pages)
(d) What were the main reasons you decided not to use the extension? We are interested in understanding
the main blockers to something like this extension being used by users like yourself, and what we might be

able to do to remove those blockers. (Free text)

B TECHNICAL DETAILS AND KEY DESIGN CHANGES

Figure 25 shows the grammar editor that shipped with the extension, which allowed users to add new discourse nodes
(A), add new discourse relation patterns (B), and use a graphical layout to specify the underlying Datalog query in
the Roam database that mapped to writing patterns that would enable the discourse graph extension to recognize the
discourse relations (C) and also preview the writing patterns associated with the discourse relation pattern (D). As
described in Section 6.2, user behavior led to significant changes that enabled more efficient editing of the grammar

(Figure 26)

C SUPPLEMENTARY DATA
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Fig. 25. Snapshots from the grammar editor that shipped with the extension. Users could add new discourse nodes (A), add new
discourse relation patterns (B), and use a graphical layout to specify the underlying Datalog query in the Roam database that mapped
to writing patterns that would enable the discourse graph extension to recognize the discourse relations (C) and also preview the
writing patterns associated with the discourse relation pattern (D)
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“Clone” a relation pattern “Copy-and-paste” a relation pattern
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Fig. 26. Key design changes to the graph grammar editor — in response to user requests during the deploy period — to enable users
to to efficiently extend their discourse relation grammars by 1) "cloning" existing duplicate relation patterns, and 2) "copy-pasting”
existing relation patterns.
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Medical Science
Cell biology imaging  Criminology = Venture
lab PhD student PhD student Capital Firm

HCI lab (MA) (LZ) (GX) (DsV) Total
QUESTION 93 78 53 53 370
CLAIM 199 36 51 112 597
EVIDENCE 237 52 46 144 175 891
SOURCE 1751 225 352 2 4081
EXPERIMENT 14 5 2 35
RESULT 9 9 4 31
HYPOTHESIS 10 2 12
METHOD 3 6
THEORY 14 12 40
PATTERN 35 19 89
ARTIFACT 56 112
ISSUE 30 50 2 112
CONCLUSION 6 3 9
COMPANY 871 871
CONSTRAINT 267 267
DEFINITION 3 3
HYPOTHESISED_CONSTRAINTS 606 606
HYPOTHESISED_SOLUTION 1057 1057
SOLUTION 264 264
Total 2441 471 515 343 3242 9453

Chan et al.

Average
69.3
99.5

130.8
562.5
7.0

7.3

6.0
3.0
13.0
2r.0
56.0
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1402.4

Fig. 27. Frequencies of each type of node created across 5 users who shared their discourse graph CSV export in the usage survey as

of Fall 2022, after about 1 year of usage.
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