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Abstract

In this report, we address the following question: to what extent can machine learning
assist a human with traditional text analysis, such as content analysis or grounded theory
in the social sciences? In practice, such tasks require humans to review and categorize
(e.g., by manually annotating the text with labels) a large sample of documents. We do
not expect nor necessarily desire the machine to automate the tasks the human would
otherwise perform, but rather want to find ways to help the human to perform the tasks
more efficiently. We present a modular implementation of a system that incorporates su-
pervised (active learning) and unsupervised (topic modeling) methods to assist humans
with technical document annotation. The implemented system allows us to conduct user
studies to evaluate the usefulness of machine assistance. We present results from two
such user studies and highlight directions for future research.

Keywords

Text analysis; text mining; natural language processing; machine learning; human-in-the-
loop; social science; content analysis.
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1. Introduction

Not all data is numerical. Unstructured text in a variety of media potentially contain hid-
den treasure troves of information. This observation is obvious across a broad array of
domains and applications, including the analysis of maintenance work orders to improve
manufacturing operations;[2] analysis of legal documents and case-law decisions;[3] and
the analysis of open-ended survey responses.[4] The common problem across these and
many similar applications is how best to transform the text found “in the wild” into struc-
tured data for analysis.

While the information age has resulted in an explosion of unstructured text, the analy-
sis of text as data is not new and there exist many well-established methods in the social
sciences for this task. Content analysis is the study of documents to examine patterns in
media in a replicable and systematic manner.[5] The process gives meaning to unstruc-
tured documents, such as text or pictures, and allows researchers to quantify and analyze
the presence, meanings, and relationships of certain words, themes, or concepts. As such,
content analysis is often described as deductive, beginning with a set of research questions
that guide the extraction of information from text. Grounded theory shares many similar-
ities to content analysis, but is inductive. Grounded theory represents a set of methods
for iteratively developing a theory from the source material to provide a meaningful rep-
resentation of the observed patterns.[6]

What such methods have in common is that they are labor intensive and, therefore, very
time consuming. This presents a limiting factor in the modern era where the availability of
text as data is potentially unbounded, as existing social science methods are not scalable.
On the other hand, a key advantage of such methods is that they embed domain expertise
into the analysis in order to derive meaningful insights from the text.

It is reasonable to wonder whether computational methods offer an advantage over tradi-
tional social science methods. A key takeaway from the computational social science liter-
ature is that computational methods initially offered the promise of scalability, but did not
provide an “objective” or even transparent alternative to traditional social science meth-
ods. This led many social science researchers to either adopt the use of “off-the-shelf”
methods (for instance, topic modeling with Latent Dirichlet Allocation, or LDA, using de-
fault parameterizations) or else to remain skeptical of computational methods.[7-9]

There has been an increasing recognition among both social scientists and computer scien-
tists that the key to computational methods is to blend them with social science methods.
In other words, we should not expect that machine learning can replace a human but rather
we should strive to use machine learning to assist a human in domain-specific tasks.[8]
This paradigm shift is characterized as human-in-the-loop, or mixed-initiative, Natural Lan-
guage Processing (NLP),[10] or sometimes as Technical Language Processing (TLP).[2]

In this report, we address the following question: to what extent can machine learning as-
sist a human with traditional text analysis, such as content analysis or grounded theory? In
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practice, such tasks require humans to review and categorize (e.g., by manually annotating
the text with labels) a large sample of documents. We do not expect nor necessarily desire
the machine to automate the tasks the human would otherwise perform, but rather want
to find ways to help the human to perform the tasks more efficiently (with respect to time
spent on annotation).!

It is worth noting that in terms of human-in-the-loop frameworks, machine assistance can
come in many forms, including: curating raw data; processing raw data for computation;
labeling raw data; and analyzing data.[10] While document labeling is but one task, we
focus on it both to illustrate how machine learning can assist humans as well as because it
is an integral task to many social science methods, including content analysis and grounded
theory. Thus, it is a realistic case study for human-in-the-loop social science research.

The reportis structured as follow. In Sec. 2, we discuss the motivating example of analyzing
community planning documents within the domains of Resilience, Climate Adaptation, and
Sustainability (RAS).[11] In particular, researchers at NIST studied a corpus of guidance
documents aimed at providing communities with best practices for developing particular
planning documents. The goal was to explore similarities and differences across different
guidance documents and the approach used content analysis. As we discuss, this approach
is very labor intensive. Framing the problem as one of knowledge extraction, we explore
to what extent a human-in-the-loop approach can be used for this problem.

In Sec. 3, we review the literature on applications of human-in-the-loop computational
social science as well as applications of text mining and natural language processing (NLP)
to the domain for our motivating example (community planning). We then summarize
takeaways for the generic problem of knowledge extraction from technical text as well as
for our motivating example of community planning documents.

In Sec. 4, we present the methodology we developed for the generic problem of extracting
knowledge from technical documents. Specifically,

e We use supervised and unsupervised methods, combining active learning with topic
models to suggest labels for clusters and recommend documents for labeling

e We develop a modular human-in-the-loop system that allows us to “plug in“ machine
learning methods for testing and validation (through user studies)

One of the key contributions of this research is demonstrating the value of human-centered
model evaluation relative to relying on standard “automated” evaluation metrics. Our re-
sults show how human-in-the-loop task-based evaluation can provide a more complete
picture of the value of different topic models for assisting with text analysis tasks such as
document annotation for content analysis.

1This integration is variously characterized as human-computer interaction (HCl), human-in-the-loop, or
human-machine teaming and requires broader interdisciplinary collaboration,[10] as discussed in Sec. 3.
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In Sec. 5, we return to our motivating example of analyzing community planning docu-
ments. We present results from a mini-study to validate the results from Sec. 4. In particu-
lar, a set of experts in community resilience use the tool on “real data” (the RAS data from
the motivating example content analysis). The validation study focuses on two competing
models and the results are consistent with the user study results, which suggests that the
results from Sec. 4 generalize to “real data.” Moreover, we review expert feedback on the
tool deployed for the user study, as well as an efficiency gains (in terms of time to label
documents) relative to manually hand-annotating text for content analysis.

Finally, Sec. 6 outlines gaps and next steps for future research. We note that the advent
of large language models (LLMs) has changed the landscape of machine assistance, espe-
cially for text analysis. As the field is rapidly evolving, we are working on evaluating LLMs
to support humans in the analysis of technical text. Finally, additional details on the im-
plementation of a human-in-the-loop interface for user studies is provided in Appendix A.

1.1. Terminology and definitions

Before we proceed, it is important to discuss the range of terminology across disciplines
and to provide consistent terminology and definitions for what follows. One of the key
differences in terminology is the use of the word “document.” For instance, an urban plan-
ner studying a community’s climate adaptation plan would consider the entire (potentially
hundred-pages long) plan as a “document.” In contrast, computational approaches to text
analysis often refer to the unit of analysis as a “document.” For instance, if the unit of anal-
ysis is a paragraph, then the hundred-pages long climate adaptation plan is broken down
to a collection of paragraphs and each paragraph would be a “document.”

Our goal is not to debate the merits of any particular use of terminology, but rather to
select a clear set of terms and to be consistent in our use throughout the report, in order to
avoid confusion. In the process, we highlight potential terms that may create confusion or
introduce ambiguity across domains. Future research might look to establishing consistent
terminology to enable interdisciplinary collaboration.

The following terms are presented in order of complexity, to the extent possible, rather
than alphabetically. In addition to the key terminology listed below, acronyms are defined
in Appendix B.

Text Written human (natural) language in structured or unstructured form.
Document Text unit of analysis (e.g., sentence, paragraph, social media post).
Note 1: Alternatives include segment, chunk, or example.

Note 2: Not to be confused with the unit of observation in text analysis, which is
often ambiguous. Tidy text principles suggest that the unit of observation (e.g.,
the row in a data frame) is a term (e.g., word, n-gram, or sentence).[12]
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Source Original source of document example (e.g., essay, community plan, webpage).
Corpus Collection of documents.
Sample A subset of a corpus.

Label Metadata assigned to document to provide context, meaning, or other information
(e.g., “cat” or “dog”).

Note: Alternative terms include code or annotation.
Annotation The process of adding a label to a document.

Note: Alternatively referred to as “coding” in social science.
Annotator The human conducting document annotation.

Note: Alternatively referred to as “coder” in social science.

Term Document-level unit of analysis (e.g., word, n-gram, or sentence) used to build a
lexicon (or vocabulary) for a corpus.

Cluster A group of documents that are similar with respect to some metric.
Topic A cluster of documents that share latent semantic structure (e.g., similar terms).

Theme Often used interchangeably with topic, but refers to latent semantic structure;
typically, a human will attach meaning to a topic to identify the underlying theme.

Keyword Relevant terms in documents that tend to co-occur within a topic.



NIST TN 2287
May 2024

2. Motivating Example: RAS

As a motivating example, consider the process of planning for resilience to natural haz-
ards within a community. Communities facing natural hazard risk are often concerned
with other risks as well, including sea-level rise, resource depletion, and pandemics. Thus,
community resilience planning occurs in the context of multiple, potentially competing
objectives, such as adaptation, sustainability, and public health. However, much of the
existing guidance on community resilience planning is formulated independently of other
objectives that compete for a community’s limited resources.

Clavin et al. [13] examine the literature on the often technical and administratively compli-
cated planning processes undertaken to address community objectives, focusing on plan-
ning for resilience, climate adaptation, and sustainability (RAS). ? Their review is focused
on developing a methodology for assessing the quality of resulting plans. In the process,
the authors highlight areas of overlap, including similarities and differences in terminology,
as well as opportunities for synergy across planning processes.

Clavin et al. [17] take this a step further by conducting a rigorous content analysis of RAS
planning guidance, which are typically reports produced by government or non-governmental
organization with the purpose of providing communities with a “recipe” for conducting the
planning process. Figure 8 illustrates the stepsin the RAS annotation workflow for conduct-
ing content analysis.

ZResilience is the ability to prepare for anticipated hazards, adapt to changing conditions, and withstand and
recover rapidly from disruptions.[14] Adaptation is the process of adjustment to actual or expected climate
and its effects to moderate harm or exploit beneficial opportunities.[15] Sustainability refers to “develop-
ment that meets the needs of the present without compromising the ability of future generations to meet
their own needs.[16]
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Fig. 1. Example content analysis for RAS

As shown in Fig. 1, the primary research goal is to “systematically identify and label goals
and policies in community plans.” In particular, one of the research questions is to what
extent planning guidance can provide insight into the themes generally found in actual
community plans. The RAS content analysis allows the authors to quantify, in terms of
term frequencies, areas of similarities and differences across the different objectives that
might be addressed by resilience, adaptation, and sustainability planning. In the process,
the authors carefully developed and iterated on a codebook that was used to annotate the
planning guidance documents chosen for the study. The result is a rigorously validated,
hand-annotated corpus specific to the domain of RAS planning guidance.

Of course, this requires significant human labor, and in our RAS example, estimated in total
to be around five months of annotation, review, and validating labels through intercoder
checks. In particular, Fig. 2 shows that Step 3 in Fig. 1 is not a linear process. “Anno-
tate data” is an iterative process that includes: development as well as updating of the
codebook used for annotation, based on periodic check-ins with annotators, in addition to
training and potential re-training of annotators.

Moreover, data checking and validation in Step 4 is almost as time consuming as the ini-
tial annotation process itself: four annotators spent three months adding labels to the
documents, and roughly two additional months on validation. The final, complete corpus
consists of 2625 labeled documents, representing roughly 25 source planning guidance
reports.
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Develop Codebook

- Initial codebook developed
through literature review,
expert solicitation.

- Check labels against sample
of documents for fit; add or
edit as needed

Updates Annotator Training

- Periodic checks to resolve - Train annotators by adding

differences, re-train labels to a sample of

annotators, or edit codebook documentg together.
- Resolve differences and

refine codebook

Annotation

- Annotate documents based
on latest codebook

Fig. 2. Annotation itself is an iterative process.

2.1. Scaling?

Recall that the hand-annotated corpus corresponds to planning guidance. It would be
straightforward, though labor-intensive, to hand annotate additional passages of text from
similar source guidance.

But what about community plans themselves? Ultimately, the goal of these studies is to
extract actionable intelligence for communities planning for RAS. Specifically, if we look
at actual community plans for existing approaches to RAS objectives, what can communi-
ties learn in the future for their own planning processes? For instance, for streamlining
planning across resilience, adaptation, and sustainability.

Moreover, consider that communities conduct planning processes for many other objec-
tives. In addition to resilience, sustainability, and climate-adaptation plans, communities
often develop other plans. Table 1 presents examples of community plan types. These
range from very high level plans such as comprehensive plans that almost all communities
develop from time to time, to more specialized plans such as small area or neighborhood
plans that tend to be tailored to the community.
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Table 1. Examples of plan types and their purpose in a community. Source: “Plan
Integration for Resilience Scorecard Guidebook.”[1]

Plan Type Purpose

Comprehensive/General Plan Main community planning document

Hazard Mitigation Plan Reduce long-term risk to human life and infrastruc-
ture

Disaster Recovery Plan Address disaster recovery related needs

Area Plans: Address planning issues pertaining to a portion of

the community
e Downtown (Redevelopment)

¢ Small Area/Neighborhood/District
e Waterfront

e Corridor Plan

Functional or Sector-specific Plans: Focus on individual or related functions or sectors
in need of specialized planning

e Transportation/Transit

e Parks/Open Space

® Economic Development

¢ Environmental Management

¢ Resilience

e Sustainability

¢ Climate Adaptation and/or Mitigation
¢ Housing (Consolidated/Strategic)

¢ Wildlife Management

¢ Wildfire Protection

Scaling the content analysis workflow in Fig. 1 for each of these scenarios introduces in-
creasing complexity, in addition to requiring significant time and resources.

2.2. Summary of the problem

The RAS content analysis is an example of the more generic problem of transforming text
found “in the wild” into structured data for analysis, as described in Sec. 1. Community
plans, or even planning guidance reports, do not adhere to a particular format, so there is
a great deal of variation in the amount of information as well as in how that information is
presented across plans—even within a single community.

Annotating source text is one way to organize unstructured data into a meaningful rep-
resentation that is suitable for analysis. Moreover, human expertise is critical to the or-
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ganization, as the source text is often technical and domain-specific. If we want a large
guantity of text to analyze, we need more efficient tools than manual human annotation.

As this example highlights, and the literature review in Sec. 3 shows, the ultimate goal is
not to fully automate such tasks but rather to incorporate machine learning methods in a
process that remains human-centered in order to leverage technical expertise.

The question we address in this report is whether we can use machine learning to assist
humans in research tasks such as content analysis. In particular, we wish to reduce the
time required to annotate text while maintaining confidence in the resulting labels.
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3. Literature

Recall the motivating question we posed in Sec. 1: to what extent can machine learning as-
sist a human with traditional text analysis, such as content analysis or grounded theory? In
particular, to what extent can machine learning assist humans in efficiently and effectively
reviewing, labeling, categorizing, and analyzing a large sample of technical documents.

We first review the literature on computational methods in social science, which tackles
such tasks. We then review applications of machine learning specific to the domains of
our motivating example (Sec. 2): resilience, climate adaptation, and sustainability (RAS)
planning.

3.1. Computational methods in social science

As we alluded to in Sec. 1, the analysis of text is a typical problem encountered in the
social sciences. For instance, political scientists that want to compare political candidate
ideologies, based on speeches they give; psychologists that are interested in mapping pa-
tient intake forms to latent personality types; and communications researchers examining
trends in public discourse before and after a disruptive event through the analysis of social
media posts. The common thread is that there is a wealth of data embedded in a broad
variety of texts and the ultimate problem is how to operationalize that text into data suited
to answering any number of research questions. The literature offers several potential op-
tions for integrating computational methods into social science research.

DiMaggio [18] compares approaches to text analysis in social science and computer sci-
ence, while noting the differences between the fields is not massive. One key difference
is what DiMaggio [18] terms “social scientists’ unhealthy obsession” with model-based
inference, as opposed to computer science’s focus on model utility for specified tasks.>
The result is a relatively higher prioritization of corpus curation in social science. On the
other hand, DiMaggio points out that computer scientists tend to place more trust in hu-
man judgment as the “gold standard” for benchmarking machine learning algorithms. In
contrast, social scientists are much more aware of and comfortable with the fact that hu-
mans are prone to systematic biases and logical fallacies. One thing both fields have in
common, DiMaggio argues, is that both humans and algorithms are equally bad at nu-
ance. These similarities and differences suggest potential common ground for collabora-
tion on cognitively similar tasks such as document annotation. Moreover, as DiMaggio
points out: “topic-modeling programs require lots of decisions that most social scientists
are ill-equipped to make,” which argues for an interdisciplinary, human-in-the-loop ap-
proach as we propose in this report.

3This contrast was famously observed more generally between “model-based” statistics and “algorithmic”
machine learning by Leo Breiman in 2001 [19].

10
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Within political science, Grimmer and Stewart [7] may be the definitive introductory re-
view of computational methods for content analysis.* Grimmer and Stewart [7] begin with
an overview of computational methods for automated text analysis, covering supervised
and unsupervised learning, scaling methods, and validation (semantic, including predic-
tive, and convergent validity). In the process, Grimmer and Stewart [7] address common
misconceptions, errors, and potential pitfalls (e.g., the “best model” is typically application-
specific). Given the breadth of methods and potential for misuse, the authors provide four
guiding principles as a framework for automatic content analysis, the most relevant of
which is that computational methods for “text amplify resources and augment humans.””
Finally, it is worth noting that much has changed since 2013: while Grimmer and Stewart
[7] conclude by urging political scientists to contribute rather just consume algorithms, this
has already happened in political science specifically as well as across many fields in the
social sciences more broadly.®

Lucas et al. [23] review supervised, unsupervised, and scaling methods for analyzing text
in multiple languages within comparative politics, for the analysis of blogs, newspaper ar-
ticles, speeches, deliberations, and political-party manifestos.” Multilingual text analysis
presents unique challenges, most importantly validating the alignment of topics across lan-
guages, and the authors propose can be addressed by using Structured Topic Models (STM)
to incorporate metadata as document-level covariates to pool information and compare
across documents.® Lucas et al. [23] illustrate the use of STMs with a case study of Arabic
and Chinese text. The key takeaway is that “automated text analysis... amplifies human
effort,” similarly to Grimmer and Stewart.[7]

Wilkerson and Casas [24] discuss the use of text as data in political science research, de-
lineating four areas of advancement and opportunity for research: classification, scaling,
text reuse (which focuses on “discovering instances of similar language usage”), and us-
ing syntax and semantics to understand political relationships. Given the extensive use of
topic models in political science, Wilkerson and Casas [24] discuss the particular problem
of topic instability (where multiple runs of the same topic model may result in topics with
little overlap) and the challenge of validation in the absence of gold labels across many
applications. Moreover, typical validation is often focused on a single model, with varying
numbers of topics, rather than exploring results from multiple models. The methodol-

4Based on 3733 citations on Google Scholar as of 2024-04-15: https://scholar.google.com/scholar?lookup=
0&qg=grimmer+stewart+2013&hl=en&as_sdt=0,21

>The first is a restatement of George Box’s famous quip that “all models are wrong, but some are usefu
The third stresses that the best model is context and application specific, whereas social scientists tend to
think in terms of “global” best. The final principle highlights the importance of validation.

6See for instance the use of Exploratory Graph Analysis (EGA) in psychology [20, 21] and the development
of metrics to measure partisanship in congressional speeches in economics [22].

7In particular, the Manifesto Project, which supports “policy preferences covers over 1000 parties from 1945
until today in over 50 countries on five continents:” https://manifesto-project.wzb.eu/

8In addition, multilingual analysis presents preprocessing challenges, from integrating many potential en-
codings of the source text to translating the raw text to a single language.

|H
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ogy we present in this report approaches text analysis problems agnostic to the model,
with the goal of allowing users to “plug and play” into a modular system. Moreover, the
user study we present in Sec. 4.3 is focused specifically on validation across different topic
models. Finally, a human-in-the-loop system as we present in this report can support an
additional level of quality control by allowing users to hand-annotate a small set of docu-
ments and then validate the output with machine assistance against such gold labels. We
demonstrate this in an additional validation study we conduct using the gold labels from
our motivating example in Sec. 2.

In the domain of communications, Zamith and Lewis [25] compare traditional content anal-
ysis (which they call the “human coder”) and computational approaches (which they call
the “algorithmic coder”). Much of what Zamith and Lewis [25] discuss involves leveraging
computational methods to curate or parse large data sets down to something a human can
easily and quickly process/validate on a second pass. They propose a “hybrid” approach to
blend the best of both human and algorithmic coders: in other words, to leverage human
expertise “contextual sensitivity and validity” and the scalability and reliability of compu-
tational approaches. The hybrid approach of Zamith and Lewis [25] sounds a lot like the
human-in-the-loop approach we propose in this report and their paper provides some jus-
tification for using human-in-the-loop for domain-specific, technical documents.

Similarly, Boumans and Trilling [26] review the literature on automated content analysis
in journalism and other domains, as well as methods used for digital journalism. The rec-
ommendations for conducting machine-assisted content analysis include: interdisciplinary
teams; code literacy; developing new methods and tools (echoing Grimmer and Stewart
[7]; and, importantly, sharing code.

Baumer et al. [8] compare grounded theory and topic modeling from the lens of commu-
nications and information science. Using a motivating case study of social media behavior,
they explore similarities and differences in analyzing survey responses, highlight trade-
offs in choosing between methods, and make recommendations for combining the two
approaches (a “mixed-methods” approach). The main similarity (“convergence”) is a cor-
respondence between grounded theory themes and topic model results (i.e., the topics).
As Baumer et al. [8] observe, both facilitate meaningful discourse on the data and while
terminology may differ, both follow a similar analytical process that requires a significant
amount of expert judgment. On the other hand, the main difference (“divergence”) is that
a topic model can align pretty well with grounded theory themes even without the use of
contextual information (as the authors state, the “model does not need to understand”).
More obviously, qualitative methods such as grounded theory require much greater time
commitment.

Building on these convergences and divergences, Baumer et al. [8] provide a framework
for human-in-the-loop text analysis. The authors see computational methods as comple-
menting human-driven qualitative research. Thus, topic models should be used to facilitate
document organization and prioritization by thematic coherence, which is the approach we
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propose in this report (see Sec. 4). Muller et al. [27] further explore convergence in ap-
proaches (both are iterative and require human input) and potential hybrid approaches.
An open question posed is what metrics are best suited for “detecting concepts, themes,
or constructs grounded in text.”

In light of increasing interest and use of Natural Language Processing (NLP) in cognitive
science, Lake and Murphy [9] compare human and algorithmic approaches to psychological
semantics (i.e., how humans represent the meaning of words and how humans interpret
language based on those mental models). While NLP shows great promise as a theory of
psychological semantics, Lake and Murphy [9] observe a few key shortcomings that must
be addressed. In particular, they find that model performance is often strongly tied to
existing corpora. This works well for tasks such as word similarity but less so for domain-
specific meaning, e.g., psychological judgement. The authors argue for the development
of more complex word representations, potentially through multimodal models such as
visual-language models that receive human feedback.

Kjell et al. [28] explore the use of NLP to measure psychological constructs based on open-
ended survey responses. Psychological constructs (such as attitudes and emotions) are
typically measured based on close-ended responses, often on a Likert scale. However, as
Kjell et al. [28] observe, respondents can encode deep psychological meaning in qualitative
responses. Traditional NLP methods do not work “off the shelf” for such a technical text.
Thus, the authors propose the use of semantic measures to “statistically measure, differen-
tiate and describe subjective psychological states.” The authors benchmark this approach
with traditional methods and find comparable validity. While not explicitly human-in-the-
loop, developing semantic measures requires domain expertise to conduct latent semantic
analysis (that is, it requires significant human expertise).

3.2. Domain-specific applications: RAS

We now turn to the domain of our motivating example: resilience, climate adaptation, and
sustainability (RAS). While the literature in these domains is nascent and promising, many
of the applications are “mechanical” uses of computational methods (e.g., off the shelf
topic models and word embeddings, as well as classification). The preceding literature
review offers a potential roadmap for future research in RAS that embraces a more human-
centric approach as we propose in this report.

Biesbroek et al. [29] train a neural network to classify text passages (or “blocks”) from pol-
icy documents in order to predict if a passage is about ‘Adaptation’, ‘Mitigation’, or ‘Non-
climate.” The authors collected and scraped text from documents tagged “policy papers”
in the United Kingdom’s collection of ‘gov.uk’ Ministerial websites, hand-selecting a small
subset pertaining to each category to annotate (10 each for Adaptation and Mitigation,
20 for Non-climate). Each block roughly corresponded to a paragraph, with some addi-
tional pre-processing and a maximum block length of 200 words. The result was a corpus
consisting of nearly 14 000 blocks of text, with about 3800 corresponding to Adaptation
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and 5500 to Mitigation. The ultimate trained model performed fairly well at classification,
based on the usual metrics (precision and recall) as well as expert review, and the authors
demonstrate potential use to scale the size of the labeled corpus.

Berrang-Ford et al. [30] conducted a machine-assisted literature review of the academic cli-
mate adaptation literature. Specifically, the authors systematically collected over 48 000
articles through bibliometric search to learn what adaptation responses are observed in
practice. The authors adopt a process that combines machine learning with human exper-
tise in order to sift through a large amount of technical text. First, the authors developed
predetermined inclusion criteria to screen articles for further study. Second, the authors
used a classifier to assist with screening with respect to the inclusion criteria. This step
required a team of four researchers to manually screen and annotate a small subset of
articles based on the criteria. The hand-annotated articles were then used to train the
classifier to predict whether an article is relevant to the study. The result was about 2000
articles selected for further study by teams of humans to confirm whether the article sat-
isfied the inclusion criteria as well as to draw further insights on adaptation practices. The
final corpus consisted of almost 1700 articles that allowed the authors to not only assess
the “global stocktake” of implemented adaptation but to also identify priorities for future
research.

Brinkley and Stahmer [31] use topic modeling on a corpus of 461 California planning docu-
ments. The goal is to identify common themes across communities through “automated”
document annotation and thus the task is closer to the one we are concerned with in this
report. Unsurprisingly, while the authors talk about “automating” content analysis, the
approach implemented in the paper requires significant human input. In that sense, Brik-
ley and Stahmer [31] implicitly leverage a human-in-the-loop approach to provide domain
expertise. Interestingly, the authors use an “off-the-shelf” package for LDA to cluster doc-
uments by themes, but use the underlying plan’s geographic information to plot variation
in themes across communities.

Finally, Saheb et al. [32] review the academic literature on sustainable artificial intelligence,
Al, which they define as the use of Al in support of sustainability and sustainable energy
goals. In particular, “the term sustainable Al describes how Al can be used to enable so-
cieties to achieve their sustainability goals.” The authors combine clustering, LDA, and a
contextual topic model (based on BERT) with a cluster-based content analysis to identify
eight themes in the field, which highlight research gaps and lead to recommendations for
further research (ie, based on expert human judgment of the topics). The authors are able
to explore each of the discovered topics, associated topics, and evolution of topics over
time. The ‘mixed method” approach taken by Saheb et al. [32] is a hybrid computational
approach that fundamentally relies on human expertise for the content analysis.
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4. Methodology

In this section, we present the methodology we developed for the generic problem of
extracting knowledge from technical documents. Specifically, we describe:

1. Sec. 4.1: Machine learning methods for assisting humans in the document labeling
problem described in the motivating example (Sec. 2).

2. Sec. 4.2: A human-in-the-loop system developed to implement machine-assistance
for the use of document labeling

3. Sec. 4.3: User study results to validate the use of different models for machine-
assisted document labeling.

4.1. Machine Learning Techniques

First, we describe the machine learning methods we consider for the task of document
annotation. In particular, we summarize theoretical, simulation, and user study results
comparing the use of various topic models in a system that provides active learning as a
baseline.[33]

The methods combine supervised and unsupervised learning as follows:

e Unsupervised: Topic models automatically group documents thematically and present
potential labels to the user

e Supervised: Active learning takes user labels as feedback and provides recommen-
dations on similar documents for labeling

The value of using active learning with topic models has been shown by Poursabzi et al.
[34], in a system they call Active Learning with Topic Overviews (ALTO). Thus, we focus on
comparing different classes of topic models under the assumption that active learning is
valuable for the user’s task.

4.1.1. Topic Modeling

As the literature review in Sec. 3 shows, topic modeling has been a popular machine tech-
nique for conducting text analysis in the social sciences for instance, for semi-automated
content analysis or machine-assisted grounded theory. The classical and most popular
topic model technique is Latent Dirichlet Allocation (LDA), which has over 50 000 cita-
tions.[35] Figure 3 shows a simple example of automatic document clustering using topic
models, which can allow a social scientist to quickly grasp the most popular topics within
a massive number of documents.

When conducting content analysis, a researcher can develop a codebook of themes (and
consequently labels) for investigation within a corpus.[5] Given a large set of unstructured
documents, a topic model can automatically discover the latent semantic themes for the
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Fig. 3. Example illustrating how a topic model can automatically group a set of community
resilience documents with a pre-defined number of topics. Topic models automatically
group similar documents together and suggest a common theme for group of documents.

documents. The researcher can then explore the topics for alignment with the hypothe-
ses (the initial codebook developed before looking at the data) and potentially use the
emergent themes from the topic model to update the codebook in an iterative process.

Grounded theory treats annotation as an iterative and complicated process where human
annotators have to wander around a massive number of unstructured documents and as-
sign them to human created categories.[8] Topic models can assist with the initial anno-
tation process by providing annotators a global overview of potent categories in a set of
documents.

4.1.2. Topic Model Variations

In this section, we introduce various topic models and compare their differences and ad-
vantages. Different topic models have quite different ways of automatically clustering doc-
uments, and the generated topics are quite diverse for different topic modeling methods.

The most popular topic model is classical LDA, first introduced by Blei, Ng, and Jordan [35]
in 2003. The model treats each document as a distribution of words, and uses probabilistic
Bayesian inference to automatically cluster documents based on their word distributions.
Classical LDA is a simple algorithm that requires less computational resources to run rela-
tive to more modern topic models.

A variation of LDA is supervised LDA (sLDA).[36] Unlike classical LDA, sLDA requires a set of
known response variables in advance prior to automatic clustering. Suppose we have a set
of movie reviews with star ratings, and we want to analyze what people talk most about
for each level of star rating. In this case, LDA cannot directly relate the generated topics
with star ratings, and it can only generate very general topics and review clustering where
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people talk most about for all star levels. However, sLDA can generate topics that correlate
with the star levels, where the generated topics are more representative to a particular
star level and the reviews are clustered more based on similar star ratings. Thus, sLDA can
effectively incorporate response variables to generate topics that are more representative
of the corpus as a whole. In the case of our motivating example, the response variables
are the annotator inputs.

With the resurgence of neural networks, neural topic models (NTM) have become a quite
popular research direction for computer science researchers. NTMs take advantage of
pre-trained neural networks, where the network is trained on a large amount of text cor-
pora and have already learned mass word relationships and associations from the cor-
pora. NTMs take the pre-trained network’s embedding that contains rich contextual in-
formation to encode a set of documents and perform automatic topic model clustering
on them. Different NTMs have quite different pipelines to cluster documents and gener-
ate topics, and the quality of generated topics are quite diverse across different NTMs.
Current popular NTMs include the contextualized topic model (CTM),[37] embedded topic
model (ETM,)[38] and Bertopic.[39]

4.1.3. Active Learning

Merely having a set of topics and themes is not sufficient for a researcher to conduct
thorough data analysis on a corpus of technical text. For instance, social scientists us-
ing grounded theory are interested in exploring on the contents of specific documents to
come up with labels for the documents. To support more efficient exploration of topic
model outputs, we use active learning. Active learning is a machine learning technique
to continuously guide users’ attention to individual documents based on users’ previously
input labels.[34]

To illustrate how active learning can support data analysis, consider the following ideal-
ized document annotation process. Suppose we have a set of documents without any
categories, titles, or labels. Mimno et al. [40] define the annotation (or “coding”) process
as attaching meaning to the set of documents by assigning documents into groups or clus-
ters, where each cluster is assigned a particular meaning, also referred to as a ‘label’ (or
‘code’).

In this idealized annotation process, traditional approaches to assigning labels are labor-
intensive and complicated. Researchers or annotators usually assign labels to documents
by manually going through each document in the corpus, either in order or randomly, as
illustrated in our motivating RAS example in Sec. 2. In addition, due to the complexity and
diversity of annotator-selected documents, and the limitations of human working mem-
ory, annotators can quickly lose track of the labels they have previously created as they
annotate more and more documents. There is a danger of creating redundant or repeti-
tive labels that may be covered by the existing label set or of creating labels that are much
too detailed. For example, if an annotator creates 100 labels for 2000 documents, and
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the annotator reads a new document and creates a label ‘water infrastructure and natural
development’ but there is an existing label ‘public infrastructure and natural resource de-
velopment’ that is more general and can cover the newly created label, then the annotator
inadvertently creates duplicate or over-specific labels during the annotation process.

Thus, a process of refinement of labels is often needed to merge or replace labels with very
similar labels, which isitself a long and tedious process. Another way to combat annotators
creating over-specific labels is for the annotator to explore the list of existing labels they
created and try to pick a suitable label for each document. If no suitable label exists to
represent the summary meanings of the current document, the annotator creates a new
label and adds it to the list of existing labels. However, as the number of existing labels
grows, this process requires much more mental effort from the annotator.

Active learning solves the challenges presented by this idealized annotation process, as
illustrated in Fig. 4:

1. It can continuously redirect the user by recommending the most beneficial docu-
ment for the annotator to read next, based on their existing inputs.

2. It can provide a ranked list of existing labels based on the probability a label belongs
to the new document, reducing the cognitive burden of going through existing label
list to create or assign labels.

3. It can reduce the number of documents needed to label by predicting labels for the
set of documents, based on existing labels and labeled documents. As the annotator
labels more documents, active learning can usually predict reasonable labels for the
remaining documents.

A classifier

picks one Human provides a

document label to the
document

Unlabeled
documents

—
Preference
function

Repeat the process
Remove the

labeled document
from the unlabeled
set

Document Content: Flood and storm in Texas..
Label: Natural Hazards-Flood Management

Train the classifier on
the human labeled

documents
—

Fig. 4. By repeating the process of active learning to manually label at least 30
documents, the classifier starts predicting accurate labels for the rest of the documents.
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As we discuss in Sec. 4.3, we conduct a user study to approximate a plausible threshold
for the number of documents needed to be labeled within an hour for active learning to
predict labels for all the documents, where the quality of user created labels and active
learning predictions for all the documents in an hour is comparable to the ground-truth
labels created by human annotators and through an inter-annotator agreement process
that can be time-consuming to complete.

4.1.4. Combination of Topic Modeling and Active Learning

Active Learning provides local direction to annotators by guiding them towards documents
to annotate next based on their previous inputs. However, merely focusing on individual
documents to come up with a label that can not only represent the meaning of a specific
document, but can also take a broader view of possible themes in the set of documents
is challenging. With active learning alone, annotators do not have access to the set of
potential topics in a document corpus.

Topic models can automatically cluster the set of documents into various topics at the be-
ginning of the analysis, while providing a set of popular keywords for each topic. When
using topic modeling in the process of content analysis and document annotation, anno-
tators can take the broad view of the topics into account to create more general topics
for individual documents and are more likely to create better label groups to categorize
documents. In addition, for each document, a topic model generates a list of probabilities
the document belongs to each topic. The list of probabilities also acts as part of inputs of
active learning, where active learning can:

1. Constantly pick diverse documents from various topics in the process to maximize
the label categories annotators create with a minimal number of documents needed
to be labeled, thus reducing the chance annotators label documents with the same
theme consecutively, which can be inefficient.

2. Improve the active learning classifier’s ability to accurately predict labels for the set
of documents while requiring fewer annotator label inputs.

Finally, for analysis of technical text such as content analysis, it is important for a human
to be able to provide context and guide the topic model toward meaningful rather than
spurious topics. This is the captured in the third requirement: human-in-the-loop.

4.2. Human-in-the-loop implementation

Next, we describe the human-in-the-loop system we developed to evaluate the use of
various topic models and active learning to assist humans with document annotation.

Our requirements for the system are as follows:

e Focus on human-in-the-loop and user-input;
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e Modular architecture that supports “plugging in” machine learning models;
e Deployable for validation through general public user study and expert pilot study.

The overall methodology decouples the machine learning methods from the implementa-
tion for computer-human interaction and provides a roadmap for interdisciplinary collab-
orations.

As previously discussed, we do not seek to automate human tasks but rather to assist
humans in performing tasks more effectively. In the case of social science research, for
instance, human input is crucial to the analysis of technical text and the literature on com-
putational social science is increasingly recognizing the need for human-in-the-loop work-
flows that allow domain experts to guide and provide feedback to machine learning mod-
els.

Modularity is critical and has become more so with the explosion in large language models
(LLMs), and it will be useful to be able to compare LLMs to more “traditional” methods such
as topic models in the future. As such, the system is independent of the actual machine
learning methods used for text analysis tasks.

To achieve modularity, a standard data structure is agreed upon. The data structure de-
fines the communication between the models and the deployed system. The defined data
structure grants the system the ability to work with different models and allows compari-
son of results across models.

This modularity allows us the flexibility to test the use of different models, as we discuss
below in Sec. 4.3. Not only can we create different experimental conditions for testing
the models, we can easily ingest different data sets. This allows us to validate the mod-
els through both large scale user studies, in which we crowdsource participants without
any particular domain expertise, as well as more tailored validation studies with domain
experts, as we describe in Sec. 5.

4.2.1. Overall Process

Figure 8 illustrates the document-annotation process in our human-in-the-loop implemen-
tation. Additional details are provided in Appendix A.°

The process features are grouped as follows:

e Log-in and Instructions: Once a user is selected to take part in the user study, a
unique ID is issued. An unauthorized ID will be denied access. After successfully
logging in, the set of instructions for the study are displayed for the user’s perusal.

9The source code for the human-in-the-loop system, which we call annotune (Annotation with the Text Un-
derstanding and Navigation Engine), can be found at https://github.com/usnistgov/annotune.
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Fig. 5. The document annotation process in a human-in-the-loop system.

e Documents List: After proceeding from the instructions, a list of documents is pre-

sented to the user to annotate. The list provides a preview (i.e., the first few char-
acters) of each document. The first document in the list is the document recom-
mended by the current model assigned to the user in their experimental condition.
Users have the freedom to select which document to annotate and can select any
document in the list.

Document Annotation: This feature allows users to read the entire document and
annotate as deemed fit. Some models have keyword clusters displayed that can be
highlighted to provide contextual meaning of the words in the documents, based
on the topic model. Users can also view previously labeled documents and relabel.
Older labels are saved and can be reused.

Other Miscellaneous Features: The annotation app shows the user the elapsed time
while logging the times spent on each page. Each session is saved so the user can
stop and return to the task as needed.

4.3. User Study Validation

Given our interest in active learning and topic modeling to support document annotation,
we form the following set of hypotheses:

1.

Active learning combined with topic model can help annotators more efficiently cre-
ate labels for documents.

Neural topic models combined with active learning can help annotators create higher
quality labels than classic LDA combined with active learning.
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3. Supervised LDA can update and generate new topics and clusters that correlate with
annotator inputs, which can improve annotators’ overall experience on reading the
updated generated topics.

We then incorporate active learning and topic modeling in our modular human-in-the-loop
implementation to conduct a user study to validate our hypotheses. We conduct a 60 user
user-study on the Congressional Bills dataset.? The user study is important as it provides
a systematic approach to evaluating the usefulness of these methods with actual humans
in the loop.

4.4. Experimental Design

We separate our user study into four groups based on the following experimental condi-
tions used to test our hypotheses:

1. Active Learning Only (NONE)

2. Contextualized Topic Model with Active Learning (CTM)

3. Latent Dirichlet Allocation with Active Learning (LDA)

4. Supervised Latent Dirichlet Allocation with Active Learning (sLDA)

Building on Poursabzi et al. [34], our baseline condition assumes active learning is valuable
for document annotation. Note that the Contextualized Topic Model (CTM) is the specific
neural topic model tested in the user study. Further simulation results for alternative neu-
ral topic models are provided in Li et al.[33] As the combination of neural topic models
with active learning builds on ALTO,[34] we call this combination Topic-Enabled Neural Or-
ganization and Recommendations, or TENOR.[33]

Prior to the user study, we conduct a power analysis to determine the minimum number
of annotators needed per group in order to detect statistical differences across the four
experimental conditions. As a result, we assign 15 annotators to each group.

In addition, we conducted several pilot sessions to test the interface, collecting feedback
on user experience and debugging to ensure successful deployment in the full user study.

4.4.1. Annotator Label Quality Measurement

Measuring the quality of labels created by different annotators is an impossible task,[41]
where there are no right or wrong labels and each annotator can come up with their own
definition of labels. To combat this issue, we introduce three machine learning clustering
metrics to evaluate the quality of annotator labels from our user study. The three metrics
reflect a comparison of annotator clustering against the official expert clustering in the
Congressional Bills dataset.

Ohttp://www.congressionalbills.org/codebooks.html
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Purity: Purity evaluates how pure an induced cluster is. It measures what proportion of
documents are placed in a cluster that is not commingled with documents with another
gold label.[42] Purity can easily fail if each document is placed into a unique cluster that
has no other documents.

Adjusted Normalized Mutual Information (ANMI): Normalized Mutual Information [43]
assesses clustering quality by measuring the interdependence between true and predicted
labels. ANMI [44], an enhancement of NMI, corrects for the chance alighment of clusters.

Adjusted Rand Index (ARI): ARI [45] measures the similarity between two clusters by eval-
uating the agreement between them while also accounting for random cluster agreement.

All of the above metrics range from 0 to 1, where a higher value of the metric is “better.”
Any one of the above clustering metrics is not perfect on its own, but if all of three are
higher for one experimental condition than another, we can say that we feel more confi-
dent that one group creates labels more similar to the official expert labels than the other
group.

4.5. User Study Ethics

Our user study details including the process, experimental design, payment, maximum
number of users, potential risks, and privacy were submitted and approved by the Univer-
sity of Maryland Institutional Review Board. To best of our knowledge, our study did not
contain any risks to the users. To ensure privacy, we assigned a unique identifier to each
user to protect anonymity. We did not collect any personal information from the users.
Users were allowed to withdraw from the study at any time if they did not agree with our
user study requirements.

4.6. User Study Results

We solicit users from the crowdworking site Prolific,!! where each user is paid $20 an hour
to complete our one-hour study. Each annotator is required to sit for one hour to complete
the study. Users are instructed to read the task instructions and to get familiar with the
user interface page first, then they proceed to read documents and create labels for them.
After their time is up, they will complete a set of feedback questions on their experience,
where the questions measure their mental effort, reliance on the topic model, and reliance
on active learning to label documents.

Given that our user study is sampled from a general population, rather than domain ex-
perts from a specific discipline, we use a more user-friendly (though still somewhat tech-
nical) corpus: the Congressional Bills data set. One advantage of using this corpus for our
user study is that it has been used extensively coded by trained annotators with years of
refinement of the labels. The corpus has hierarchical labels and includes popular topics

R https://www.prolific.com/
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about general public policies that users of any background can understand. We keep track
of the evaluation metrics for every minute passed in the study for all the users. Within
each group of 15 users, we take the median from the 15 users’ purity, ARl, ANMI metrics
per minute as our group-level evaluation metric. In addition, we also take the median of
the metric values for each document the annotators labeled, for each of the four groups.
We present the results of the evaluations for all the groups in Fig. 6.

Users create labels more similar to the official labels when using contextualized topic
model. Figure 6 shows that the CTM group users have the highest gain of purity, ARI,
and ANMI as both a function of minutes elapsed and number of documents labeled. A
higher score for all three metrics indicates that the user-created labels are more similar
to the Congressional Bills ground truth assigned categories. Although users in the study
have different backgrounds, the CTM group still makes higher quality labels than users
in the other three groups. In the next section, we describe a follow-up user study we
conducted to validate the generalization of our conclusion that CTM is better than LDA in
a setting where users have similar backgrounds (in fact, users are domain experts) on the
RAS guidance document corpus.[17]

Discussion and implications. Within the context of advancing computational methods for
text analysis, and in particular for social science research tasks such as content analysis,
our results address both and model selection and evaluation.

With respect to model selection, the results show that using CTM with an active learning
classifier can help annotators produce high quality label sets quickly, according to cluster
metrics and human ratings, suggesting that the right choice of NTMs can be better than
LDA for content analysis. However, simulation results show that classical topic models (i.e.,
LDA) remain competitive with NTMs. Thus, the question is not about NTM versus LDA but
rather the right choice of NTM for specific tasks.

Moreover, the results show that current automated metrics do not provide a complete
picture of topic modeling capabilities. Our study demonstrates how human-in-the-loop
task-based evaluation can be used to compare neural, supervised, and classical topic mod-
els for content analysis and label set creation.

In the next section, we explore how these results may generalize when annotators have
domain expertise with the text.
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Fig. 6. User study evaluation metrics gain for each group. The left shows the median
evaluation metric gain, from minute 5 to minute 60, in the user study. The right shows
the metric gain, from 2 documents labeled to 80 documents labeled, for each group. CTM
combined with active learning helps annotators create the labels with the best quality, on
average, compared to the other groups. The bands, which represent group variance
around the median, suggest consistency in evaluation metric values across users.
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5. Expert Validation: Resilience, Adaptation, and Sustainability (RAS) Planning

In this section, we return to our motivating example from Sec. 2. Recall that Clavin et
al. [17] created a hand-annotated corpus based on planning guidance for resilience, cli-
mate adaptation, and sustainability (RAS) community planning. The documents were hand-
annotated through a rigorous content analysis, but the process was a time and labor in-
tensive effort.

Given the user study results presented in Sec. 4.3, a natural question is whether the results
generalize to data found “in the wild.” The goal is to determine to what extent the com-
bination of active learning with topic models (and in particular the Contextualized Topic
Model, or CTM), is useful to domain experts for real-world document-annotation tasks.
We explore the tradeoff between efficiency gain, in terms of time spent annotating doc-
uments, and label quality, in terms of the evaluation metrics from Sec. 4.3 (Purity, ANMI,
and ARI).

Leveraging the Clavin et al. [17] hand-annotated RAS guidance corpus for ground truth, we
conducted a validation study with domain experts at NIST. Specifically, we recruited eight
staff members within the NIST Community Resilience Program (CRP) to use our human-in-
the-loop implementation to annotate documents from the RAS corpus. The participants
who volunteered have expertise ranging across the domains of resilience, adaptation, and
sustainability and included both early career and senior staff.

5.1. Expert Validation: Purpose
For the validation study with RAS domain experts, the three main questions we ask are:

1. Generalizability: To what extent do evaluation metrics from domain experts corre-
late with user study results?

2. User experience: What do domain experts think of using the human-in-the-loop
implementation for document-annotation tasks?

3. Value: What is the tradeoff between efficiency gain (speed) and label quality (relia-
bility)?

For the first question, we focus on comparing LDA with CTM, both with active learning,
splitting the participants into two groups (four per group). The volunteers were asked to
annotate documents for up to one hour.

For the second question, we assess responses from the post-study questionnaire we used
for the user study. In addition, we obtain informal feedback from our colleagues on their
overall experience.
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For the third question, we extrapolate how long it would take, on average, for humans
to annotate the entire RAS guidance corpus (roughly 2600 documents) and balance that
against the potential loss in label quality.

Finally, it is worth noting the estimated number of labeled documents per hour is a lower
bound since (a) experts in the validation study did not have access to the codebook, as
it would have taken too long to train the volunteers; and (b) potentially, human learning
and active learning both reduce time to annotate as more documents are annotated. In
principle, a codebook should reduce time to annotate documents, though in practice it may
be a lot more interactive and iterative. Our assumption therefore is that, as the number of
labeled documents increases, using a codebook should not decrease the rate of document
annotation.

5.2. Expert Validation: Results

We had six expert volunteers to validate our results on the RAS guidance document cor-
pus.’? We pick the top two winning conditions from the last user study— CTM and LDA—
and assign three users to each group. Aside from the domain-specific data, the expert val-
idation study setup is identical to the user study we described in Sec. 4.3. Figure 7 shows
results from the domain expert validation study.

5.2.1. Generalizability

CTM users create higher quality labels than LDA users, when users have similar domain-
specific expertise on the dataset. The results are largely consistent with our user study
results: as the number of labeled documents increases, CTM performs better than LDA
on all three evaluation metrics. This set of results from our expert validation study are
encouraging, as they suggest that the results from the user study generalize to “real” data
used for content analysis, providing additional confidence in using our proposed human-
in-the-loop approach for applications that require the analysis of technical text.

5.2.2. User experience

At the end of the annotation session, we collected qualitative user feedback on the ex-
perience with our human-in-the-loop system. Specifically, we see more positive and more
detailed feedback from CTM users, relative to LDA users, about improving the usability and
experience of the human-in-the-loop interface.

Overall, LDA users did not pay attention to the keywords generated by LDA. Upon observing
the topic keywords, we see that LDA generates too broad and general keywords that do
not help users in interpreting and understanding the contents of a specific document. On

12\While we had eight total volunteers, two of the volunteers did not spend the required time annotating
documents.
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Fig. 7. We track the expert users’ purity, adjusted Rand Index, and adjusted normalized
mutual information on the number of documents labeled with 3 experts in each group.
CTM (contextualized neural topic model) does better than LDA overall on the three
metrics. The bands, which represent group variance around the median, suggest
consistency in evaluation metric values across users.
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the other hand, CTM generates compact and specific keywords that might serve as labels
for specific documents.

One user in the CTM group thinks the tool has a bit of learning curve, “but once you get
used to it is easy to use.” With regard to the guidance document corpus, the lack of a
codebook did introduce additional challenges to the users: “l do think it is so hard to label
things without knowing the research question or why | am labeling items since | could be
looking for very different things depending on the purpose and most text could be labeled
in lots of different ways.”

Finally, a summary of the recommendations from the CTM users include:

1. Incorporating a method to evaluate the performance of user and providing feedback
on how they are doing (maybe after 15 minutes). This can be a training step.

2. It would be nice if the tool provides an estimated number of passages that should
be labeled within one hour.

3. It would be useful if the tool provides an estimated time that needs to be spent on
each passage to assign a label.

5.2.3. Value

Based on the results of the expert validation study, we extrapolate how long it would take,
on average, for humans to annotate the entire RAS guidance corpus.

* Assuming 50 documents per hour implies 1.2 minutes per document, for a total of
52.5 hours to annotate 2625 documents.

e We can round that up to 60 hours of labor required per annotator.

e Let’s assume the annotator spends 4 hours a day, for 3 days a week, actually an-
notating (in the case of the RAS content analysis, the annotators had more focused
time on annotation but did not spend all of their time on annotation).

e At these assumed rates, an annotator will require 5 weeks to annotate all 2625 doc-
uments.

That’s a bit over a month, compared to the three months that were actually required in the
original, purely human RAS content analysis. In other words, machine assisted annotation
improves productivity by about (at minimum) 58%.

How do we value that productivity gain? Suppose our annotators are paid the prevailing
minimum wage ($15 per hour in Maryland as of January 1, 2024).23 At the new rate of
productivity, we only need 5 weeks to produce the same amount of output (which was
initially worth $15 x 12 weeks = $7200 in total wages, assuming 40 hours of work per

Bhttps://www.montgomerycountymd.gov/humanrights/min-wage.html. Accessed: 2024-02-09.
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week). The value of time savings is $15 x (12 -5) = $4200. Moreover, the same annotator’s
effective wage is now $7200 / 5 weeks = $36 per hour, which is an indirect way of obtaining
higher skill labor at a lower cost. In our RAS example, this is a lower bound. The real
value arguably comes from the time savings to the senior researchers who participated
in the content analysis, who would either spend less time on annotating text on average
or altogether delegate annotation fully to the junior researchers while focusing on higher-
level tasks such as coordination and planning.

An important caveat, as stated above, is that the volunteers in our expert validation study
did not have access to the codebook. If we assume annotators use a codebook, rather
than building a label set from scratch, the time savings should be much greater.

Of course, there is no free lunch! The efficiency gain comes with a potential loss in label
quality. As Fig. 7 shows, none of the three metrics appear close to 1 and this loss in label
guality could represent substantial risk to the research objectives. How does a researcher
evaluate that risk against the reward of higher efficiency (which could translate the same
total amount of labor into significantly more labeled data)? This is not straightforward and
depends on the subjective value of label quality (rather than just the wage rate), assuming
one could place a dollar value on label quality, as well as what that loss in label quality
translates to in practice.

In an actual content analysis, the time saved to annotate documents can be used for more
frequent intercoder checks, codebook updates, and data validation steps, which could im-
prove label quality over the baseline. Moreover, a researcher would need to track the
metrics beyond the hour shown in Fig. 7 to see if label quality increases over time or stabi-
lizes, whether the observed loss in label quality is acceptable (is the researcher concerned
about type | or type Il errors), and whether additional human input can improve the eval-
uation metrics (and weigh that against how much effort is required to do so). We leave
these as open questions for future research.

5.3. Implications

We began with the premise that machine assistance can improve the efficiency and pro-
ductivity of experts in conducting labor-intensive tasks such as document annotation for
content analysis. Our user studies support this premise. However, as we highlight in our
discussion on the value of machine assistance, the potentially larger productivity gains
come from freeing experts from tedious tasks (such as manually annotating text) while
“upskilling” non-experts (e.g., students are potentially able to lead and conduct a content
analysis that typically requires substantial domain expertise).[46, 47] This is an example
of how artificial intelligence has the potential to improve labor market outcomes for the
middle class by extending the reach of expertise, as hypothesized by Autor: “For workers
with foundational training and experience, Al can help to leverage expertise so they can
do higher-value work.”[48]
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6. Conclusion

While the user study and expert validation study are encouraging, much work remains in
order to have a process that can be integrated into a text analysis pipeline such as con-
tent analysis. As we described in Sec. 4, the machine-assisted process we propose is not
specific to any one topic model. Though our user study results suggest that the contextual-
ized topic model (CTM) may be preferable to LDA for enhancing the document annotation
workflow, the user study did not compare alternative neural topic models. Moreover, as
large language models (LLMs) have come to dominate natural language processing, we are
exploring how LLMs compare with traditional topic models for human-in-the-loop docu-
ment annotation.

Additionally, while our human-in-the-loop implementation was largely developed to en-
able user studies, it also serves as a proof of concept for a modular system for conducting
research. Though we are sharing the source code for other researchers and for trans-
parency,'* we are working on refining the system so that in principle it can be deployed
for actual research.

Finally, we have only focused so far on the “annotation” part of the pipeline but as Fig. 1 in
Sec. 2 illustrates, the text analysis workflow has several time-consuming steps that could
be bottlenecks in efficiently analyzing a large corpus. For instance, we assume that the
documents to be analyzed are in already in an easily ingestible, plain-text format. However,
the RAS content analysis Clavin et al. [17] conducted required

e Data curation: Gathering source text through a combination of careful internet search
and knowledge of the domain; and

e Data pre-processing: Converting the source text, most often large PDF files, into
plain-text “snippets” (i.e., the documents) for analysis.

It remains to be seen to what extent machine learning could assist in these and other steps
in the pipeline, and which steps would still require significant human labor.

The key message for future applications from is that collaborative, truly interdisciplinary
research is needed to advance the use of machine learning to assist humans with the anal-
ysis of technical text.

https://github.com/usnistgov/annotune
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Appendix A. Implementing a Modular System for Testing Human-in-the-loop Document
Annotation

This appendix provides details on the implementation of the modular system we devel-
oped to conduct user studies of human-in-the-loop document annotation using different
methods, which we call annotune (Annotation with the Text Understanding and Navigation
Engine).”®

Appendix A.1. Overall Process
The aim of the app is to aid in annotation of topics, track all saved labels, and track the

times used to label each documents for the user study. Figure 1 shows the process.

‘
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Fig. 8. The annotation process encoded within the interface.

Appendix A.1.1. Login

The first page the user sees is the login page where users are required to enter their unique
user ID (UUID). When the user enters the UUID and submits the login form via a post re-
guest, the submitted name is extracted from the form and validated to see if the name
exists in the dictionary of allowed user names. Once it is validated, session variables are
set for the particular user. The session variables are username, labels, user_id, and la-
beled_document.

¢ username: the UUID of the user
e Labels: All past labels created by the user
e user_id: The id assigned to this user by the model

e labeled_document: The ids of documents that have already been labeled.

155ee source code at: https://github.com/usnistgov/annotune.
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Instructions
Welcome to this User Study
We have a set of uncategorized US congressional bl documents in English, which cover a variety of subjects. Now we need to create labels for those documents to
group them into different categories. Your task is to spend the next 60 minutes exploring the documents and creating category labels that make sense to you.

Please note that this is not a summarization task, and we kindly request that you refrain from providing summaries for the passages. Instead, focus on creating
meaningful and general labels that can be applied to multiple passages, ensuring that they are categorized effectively

For this study you will be using an Al-assisted tool that helps humans label a collection of text passages with categories, or themes, of interest. You will be shown
passages from the collection of congressional bills, alongside other potentially helpful information, such as cluster keywords generated by the Al-assisted tool from
the content of the entire document collection to characterize the theme (by grouping unique words?) of the passage.

Additionall, there will be a highlight' feature to emphasize important keywords that the Al-assisted tool identified in each document. Participants will be required to
come up with appropriate labels for the presented passages, either by selecting from existing labels or creating new ones. If you like, you can use these cluster
keywords to help guide your labeling, or are free to use your own. A clear definition of a label" s provided for reference below.

Throughout the study, the Al-assisted tool wil also recommend documents to label, based on your past labeling decisions. Alternatively, you can choose any other
document not recommended by the Al-assisted tool in the main Documents tab. The progress of work can be tracked in the ‘view/edit response’ section, where
participants can modiy their created or assigned labels as needed. Further instructions will be provided in a demo on the following screens.

Definitions:

Label: A label for a passage can consist of a single word or a phrase

Example labels: health, health insurance, child health plans...

Example instance for your task -

Top Cluster Keywords: plan, implementation, local, changes, progress, process, data, measures, time, monitoring
Passage: “There is no perfect science. Develop an adaptive process that allows modification as science advances."
Your created label: Plan Alignment

The total length of the task will not exceed one hour, and the majority of your time will be spent looking at passages and accompanying information in order to
annotate passages with labels you create. Please note that for our purposes the quality of labels is just as important s efficiency: please take time to think of what
you think are labels that do a good job of summarizing each passage.

If you complete the hour-long session following the instructions you will receive $20 as compensation.

Any suspected fraud or abuse will result in forfeiture of compensation, and that includes not actually completing the task (Fewer than 60 documents unlabeled or low
quality labels created).

We will not ask you for any personally identifying information and the annotations will never require any de-anonymizing information from you whatsoever. You must
be at least 18 years old in order to participate in this task. If you have questions, concerns, or complaints, or if you need to report an injury related to the research,
please contact the investigator:

Jordan Boyd-Graber
Iribe 4146 University of Maryland
jbg@umiacs.umd.edu

(301) 405-6766

Fig. 9. The instructions page provides detailed instructions on the user study and
navigating the interface.

If a user is a new user or starting their session for the first time, a post request is sent to the
model to create a new user. If user is valid, this information is then saved in a users. json
file in the static/users/ directory. If the user is a returning user, the session data are
extracted from the users. json and they may return to the where they left off. Usernames
that are not validated are redirected back to the login page

Appendix A.1.2. Instructions

Upon the login, instructions for the user study are shown to the user, as seen in Fig. 9.
After users read the instructions, they may click on start and the user study session begins.
When the start button is selected, a post request is sent to the model to get the topic list.
There are different sets of models, some with active learning and others without active
learning. When the start button is selected, a get request is sent to the model and a list
of documents, their keywords, and topic clusters are requested. The check active function
checks whether the model assigned to this user has active learning or not. It does so by
checking the number of topic clusters that the model sends. If it is just one, it is active
learning, else, its not. Once the decision is made, the appropriate route is selected and
routed to.
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Appendix A.1.3. Document List with active learning

Before annotating, the app offers two options that depend on the type of model being
used. When the model includes active learning, there is no clustering and all the docu-
ments are listed together. A model-recommended document is selected and presented at
top of the list. When a document is selected, the user is redirected to the /get_label/
route to label. Fig. 10 shows how the active list page is displayed by the app.

127.0.01 e ® O +

B i Term Proi 8 i Term Project,Speccdrace, 8 7o» uiz 1 Fai 2023: e e T ) 127.00.15000/active sHLOA0...

Instructions Demo Documents Completed Documents

SELECT DOCUMENTS TO LABEL

Recommended Document

1609 | To authorize early repayment of obligations to the Bureau of Reclamation within the A & B

565 | To require Federal land managers to support, and to communicate, coordinate, and cooperate with, designated gateway communities, to improve
1428 | To extend for 5 additional years the authority of the Surgeon General of the Public Health Service with respect to air pollution control

1005 | Abill relating to the employment by certain Indians of legal counsel

1078 | Abillto designate a portion of the Farmington River in Connecticut as a component of the National Wild and Scenic Rivers System, and for other
1808 | Abillto revise the boundary of Saguaro National Monument in the State of Arizona.

105 | To permit Medicare-eligible retired members of the Armed Forces and their Medicare-eligible dependents to enroll in the Federal Employees Health
1149 | To aid navigation and protect the fishing industry in the waters adjacent to New York Gity by prohibiting the dumping of certain materials in such
2098 | To restore faimess and reliability to the medical justice system and promote patient safety by fostering alternatives to current medical tort ltigation,
355 | Abillto establish a five-year research and development program leading to advanced automobile propulsion systems.

396 | To provide relief for military personnel serving in Operations Desert Shield and Desert Storm who are participants in student financial assistance
1947 | Abill o repeal title | of the Patient Protection and Affordable Care Act and to amend the Public Health Service Act to provide for cooperative

1538 | Abillto stabilize emissions of carbon dioxide to protect the global climate, and for other purposes.

93 | Abillto provide for the acquisition and preservation, as a part of the National Gapital Parks system, of the Old Stone House in the District of

757 | To settle certain Miccosukee Indian land takings claims within the State of Florida.

1302 | Abill to encourage States to provide benefits to certain partially workers.

1391 | Abillto the American i by establishing a Meeting House program, by making grants available to each of
1770 | To amend the Pittman-Robertson Wildiife Restoration Act to facilitate the establishment of additional or expanded public target ranges in certain
1104 | To declare a portion of the Wakula River, Florida, as a nonnavigable water of the United States.

1176 | To provide full indemnities for sheep slaughtered in connection with the scrapie slaughter program

2211 | To establish a national memorial to Woodrow Wilson in the Smithsonian Institution

714 | To amend the law relating to the execution of contracts with Indian tribes

940 | Abill authorizing modification of the project for Kaunakakai Harbor, Molokai, Hawaii

327 | To provide for funding for construction and major rehabiltation for projects located on inland and intracoastal waterways of the United States, and

Fig. 10. The active learning document list shows a list of recommended documents for
annotation, with the current recommendation at the top.

Appendix A.1.4. Document List without active learning

When an active learning model is not being used, the model generates a list of document
clusters. Keywords are associated with each cluster to enhance the user’s understanding
of the document’s context. The user interface is designed to facilitate the user experience
by isolating the recommended topic on the top and displaying six documents within each
cluster.

Appendix A.1.5. Labeling with active learning

The active function in the annotation app manages the active list functionality for users
engaged in the active learning process. The function takes two parameters: name, which
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Instructions Demo Completed Documents:

SELECT DOCUMENTS TO LABEL

Document Cluster 6

auhorze commission national memorid  bricge  historical new pak veteans cener county near hosptal constuct construcon monument il capiol  publcatons nferior
Recommended Document
jumber Document

787 | To designate the Sen Joagquin Wilderness, Sierra National Forest, and Inyo National Forest i the State of Calfornia

jumber Document

508 | Abillto provide that zny payment to a lacal ecucational agercy by the Depariment of Dafense, that s avaiable to such agency for current expenditures and used for capital expenses, shal not be considered funds available to
1041 | Toamend section 510 of the Merchant Marine Act, 1936, to provide for the trads-in of obsolste vessels in connection with the construction of new vessels, either at the time of executing the construction contract or at the time
915 | Abillto require load lines on United States vessels engaged in fore gn voyages ard foreign vessels within the jurisdiction of the Unfted States, and for other

183 | Toamend the charter schocl program under the Elementary and Secondery Education Act of 1965.

1745 | A billto prohibi: the reroval before January 1, 1982, of houseboats or floating cabins from water resource arses under the jurisdiction of the Corps of

206 | Abillto zmend the Agricultural Crecit Act of 1987 1o reauthorize State medation programs

911 | Toamend chapter 9 of ftle 11 of the United Statas Code to improve protections for employees and refrees in municipal bankrupcles.

136 | A billto designate certain lands in the Bosque del Apach National Wildife Refuge, Socormo County, N. Mex., s widerness.

0| Abillto authorize a study of the feasitiliy and desrabilty of establishing a national recreaticn area to be known as the Santa Margerita Natioral Recreation Area n the area in San Disgo County, Calf., which presenty

468 | To provide a schedule for the implementation of the requrement that all eigible Federal prisonars desiring 1o paricipate i drug treatment programs be given such

1630 | Tocree i i 1 employment in lascr surpl of group IV classiication and procuce industrial development in such

713 Abillto increase annuities under theRailroac Refirement Act of 1937 oy 25 percent, and for other purposes.

Document Cluster 0
price agricutural marketing support commodity fam  grain tobacco alotment crop acieage adustment wheat mik feed coftr quola stablize suplus disasier
lumber Document
1168 | A billto establish the Controllad Substances Administraton to administer all Federal programs ralating to the regulation of narcotic and other dangerous dugs, the treatment and rahabiltation of abusers of such drugs, and
£66 | Toamend fith: 23, United States Code, o ercourage the use of advanced tachnologies with respect to transportation prjects that receive Federal funding, and for other
1950 | A billto designate the Aldo Leopold Wildernass, Gila National Forest, New Mexico
2195 | To prohibit transportation in interstate or foreign commerce of articles to or from the United States aboard certain foreign vesses, and for other

1883 | A bill to modify the boundaries of the Sznta Fe, Gila, Cibola, ard Carson National Forests in the State of New Mexico, and for other purposes.

Fig. 11. The non-active learning document list shows documents within each document
cluster.

represents the user’s name extracted from the URL, and document_id, which represents
the ID of the document being labeled.

The document annotation page with active learning is shown in Fig. 12. Relevant infor-
mation about the document, such as its text and previous labels, is fetched from the
all texts dictionary based on the provided document id. The function also selects a
random document ID from the remaining recommended block to serve as a skip option.
In case of a POST request (when the user submits labels), the function records the user’s
response time and saves the labeled data. It then sends a request to the model to rec-
ommend the next document for annotation. The user’s session data, including labeled
documents and labels, are updated, and the user is redirected to label the next document.
The function uses these parameters and data to dynamically generate the active learning
interface (activelearning.html) where users can interact with the document, provide
labels, and navigate through the active learning process. Flash messages are used to no-
tify users when their response has been successfully submitted. It is important to note
that the function relies on the model and helper functions (save_time, save_response,
save labels, and all_texts) for complete functionality.
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127,001

& vic e Project 8 i Term Proect,Speccracer

Home Demo Documents Completed Documents

LABEL THE DOCUMENT
Response has been submitted

Document Number: 5

To amend section 401(d) of the Federal Aviation Act of 1968 to provide for the issuance of certain certificates of public convenience and
necessity

Model Suggestions

healthful workiing agriculture recreation

) submit skip document

completed 4 out of 8607

Fig. 12. The active learning page for annotating (labeling) documents showing document
ID and text, with suggested labels at the bottom.

Appendix A.1.6. Labeling without active learning (Non-active label)

Thenon_active label functionin the Flask application manages the annotation process
for documents shown in an environment without active learning. It handles both GET
and POST requests, allowing users to view and annotate specific documents. It displays
keywords according to a rank giving by the model. These keywords help a user to get the
context of the topic by highlighting the keywords present in the text. The user interface
presents the document’s text, along with suggestions for annotation. Users can select
a label from the provided suggestions or enter a custom label. Additionally, users can
skip the current document and proceed to the next one. When the user submits a label,
the function processes the input, records the response time, and communicates with the
model recommend the next document for labeling. The function then redirects the to the
non-active label page with updated information about the next document to annotate.
Throughout the process, the function keeps track of various metrics, such as elapsed time,
the number of labeled documents, and the total number of documents to be annotated.
These metrics are displayed on the user interface, providing users with real-time feedback
on their progress.
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Instructions Demo Documents Completed Documents

LABEL THE DOCUMENT

Document Number: 787
. . . . Keyward Groups 6 Highlight
To designate the San Joaquin Wilderness, Sierra National Forest, and Inyo National Forest in

the State of California authorize commissicn national memorial bridge Fistorical rew park

Veterans center county near hospital construct consiruction
manument il capiol puolications interior

Keyword Groups 10 Highlght

wilderness museum refuge designate establshment historic park
settlement central lake national yelowstone forests virginia
commonwealth alaska acdition lower va boundary

Keyword Groups 19 Highight

research establish disease cancer assessment risk institute deveiop
artnrtls idenify orostate board enhance borne prevention scresring
diseases advisory tick creats

Keyword Groups 9 Highiight

Medal Suggestions court district jurisdiction judge cleim determine corfer hear election
No Prediction claims vote judgment render appointment serva civil mean

e submt skip this document

‘completed 0 out of €607

Fig. 13. The document annotation page in an environment without active learning,
including top topics and associated keyword suggestions for labels on the right.

Appendix A.1.7. Document re-labelling

Users have the flexibility to edit labels for previously annotated documents through a
straightforward process. The system presents a user-friendly interface where labeled doc-
uments are grouped by assigned labels. When users choose to edit responses, they are
seamlessly guided to the relevant annotation page designed for the selected document.
Users can then select the document to view the whole document text and its associated
label. If a user wants to modify the labels, there is an edit response option that can be
selected. Upon selecting “Edit response,” users are then redirected to the appropriate
document label page to assign a new label to the document.

Appendix A.1.8. Authorization

The authorization process in the annotation application is designed to secure user access
and ensure that only authenticated individuals can interact with the system. The process
begins when a user attempts to log in by providing their credentials, typically a username.
This credential is then verified against stored user data, which includes information such
as usernames. If the provided credential matches an entry in the system, the user is suc-
cessfully authenticated, and the authorization process proceeds. Upon successful authen-
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127,001

) 127.0.01:5000/LDA-001labeled_.

Home Documents

LABELED DOCUMENTS

recreation

0 Abill to authorize a study of the feasibility and desirability of establishing a national recreation area to be known as the Santa Margarita National

agriculture

1 To authorize the Secretary of Agriculture to require reasonable bonds from packers.

land management planning

565 | To require Federal land managers to support, and to communicate, coordinate, and cooperate with, designated gateway communities, to improve

healthful workiing

768 | To provide a comprehensive program for assuring safe and healthful working conditions for working men and women by :creating a National

Fig. 14. This page displays documents that have already been labeled and allows the user
to reassign labels to previously annotated documents by clicking on the document to
re-enter the relevant document-annotation page.

tication, the application initializes a user session. A session is a way to track and manage
the state of interactions by a user with the application during a specific period. During this
session initiation, critical information about the user is stored in the session variables. This
information may include the user’s name, a unique user ID, labels associated with the user,
and a record of previously labeled documents. The user’s identity and session information
are then stored securely to maintain the user’s context and permissions as they navigate
through different parts of the application.

Appendix A.1.9. Time Tracking

Time tracking in the annotation app plays a crucial role in monitoring and recording the
user’s interactions and activities throughout their session. It involves capturing and stor-
ing timestamps at various points during the user’s engagement with the application, pro-
viding valuable insights into the time spent on specific tasks. The tasks may be selecting
documents to annotate, finding the right label for a document, and editing labels.

The following are the key aspects of time tracking in the document annotation app:
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e Session Start: The time tracking process begins when a user initiates a session by
logging into the application. The moment of login is recorded as the starting point
for tracking the user’s activity.

e Task Duration Measurement: During the session, the app records the time spent on
different tasks, such as viewing documents, labeling, and navigating between pages.
This helps researchers understand how much time is dedicated to each activity. The
system records the time taken to annotate a document, view a topic, or complete
an annotation task. This data assists in evaluating efficiency and productivity under
specific experimental conditions in our user studies.

e Elapsed Time Calculation: The application calculates the elapsed time by comparing
the current timestamp with the session start time. This information is often dis-
played to users, providing a real-time view of their session duration.

Appendix A.1.10. App tutorial

For first-time users logging into the annotation application, the on-boarding process is en-
hanced through the integration of ‘intro.js’. This feature serves as a guided tour, system-
atically introducing users to the various functionalities and buttons within the application.
By providing informative highlights and tool tips, ‘intro.js’ ensures a user-friendly and navi-
gable experience, offering valuable insights into the diverse actions that can be performed
within the application. This on-boarding mechanism significantly contributes to user en-
gagement and understanding, empowering users to make the most of the app’s features
right from the start.
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Documents
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“This s how you get back to the
list of documents
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Fig. 15. At any time, users can click through an optional tutorial to learn how to navigate
and use the interface. The tutorial is shown upon entering the application and exiting the
instructions page.
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Appendix B. List of Symbols, Abbreviations, and Acronyms

The following acronyms are used in this report.
ALTO Active Learning with Topic Overviews.
ANMI Adjusted Normalized Mutual Information.
ARI Adjusted Rand Index.

CTM Contextualized Topic Model.

HCI Human-Computer Interaction.

LDA Latent Dirichlet Allocation.

LLM Large Language Model.

NLP Natural Language Processing.

NTM Neural Topic Model.

RAS Resilience, Adaptation, and Sustainability.
sLDA Supervised LDA.

TENOR Topic-Enabled Neural Organization and Recommendations.
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