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ABSTRACT

Many real-world decision problems are complex, with outcomes difficult to measure and
evaluate. The impact of decisions made in these domains is nuanced and takes a long time to
be fully realized. Individual mistakes can lead to significant costs, and computational tools
such as ML models must be integrated alongside existing, well-established human workflows.
These properties of such decision problems means that ML solutions must be usable in order
to be effective — in other words, developed and deployed in such a way as to be used by
humans in decision-making and improve outcomes. In order improve ML usability, developers
create ML tools, or diverse kinds of interfaces that allow users to understand ML models
and their predictions.

In this thesis, we use real-world case studies to synthesize generalizable lessons for ap-
plying usable ML tools to complex, real-world decision problems. Based on experience
developing ML tools for child welfare screening, we propose a formal taxonomy of feature
properties related to usability and interpretability. We then discuss the design and develop-
ment of a system to make generating ML explanations that use such interpretable features
more effective. Pyreal is a framework and Python library implementation that uses updated
data transformers to generate explanations of ML models and predictions using interpretable
features.

Motivated by the development and customization effort required to develop ML tools for
new applications, we then discuss the development of Sibyl, a configurable and comprehensive
system for generating usable ML interfaces for a wide range of applications. We then discuss
our case study in applying Sibyl to the decision problem of wind turbine monitoring.

We then discuss Explingo, our system for transforming traditional ML explanations into
natural language narratives to further improve the usability of ML outputs.

We finish by discussing the practical lessons this work demonstrates related to the need
for usable ML, the challenges specific to these complex applications, ethical questions, and
future directions.

Thesis supervisor: Kalyan Veeramachaneni
Title: Principal Research Scientist, Laboratory for Information and Decision Systems
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Chapter 1

Introduction

There is a large category of decision problems that are too complex and important for sim-
ple, automated ML solutions to contribute. Improving outcomes in these complex decision
problems requires more thoughtfully developed decision support systems that, rather than
behaving completely autonomously, instead augment human decision processes.

These complex decision problems contrast many of the problems that ML has been suc-
cessfully applied to, like short-time-horizon stock trading and video recommendation systems,
which we label Type 1 decision problems. They have simple outcomes that can be observed
in a short timeframe and are straightforward to evaluate. Individual decisions associated
with Type 1 problems tend to be low risk. Because of these properties, it is relatively simple
to apply computational approaches, such as machine learning (ML), to these problems.

The category of decision problems that we focus on in this thesis — which we dub Type
2 decision problems — is characterized by several key properties, summarized in Figure 1.1.
They have complex outcomes that are difficult to measure, and take time to be fully realized.
Single mistakes can have significant costs. ML models developed for these decision problems
usually have their outputs deployed alongside human decision-makers, who incorporate ML
outputs alongside rich external information and ultimately make decisions themselves. Eval-
uating the impact of these ML outputs is difficult and time-consuming, and requires going
far beyond traditional ML performance metrics. Examples of such Type 2 decision problems
are broad, and include making medical diagnoses, deciding when to offer bank loans, making
university application decisions, making legal decisions, and deciding when to investigate
potential cases of child abuse.

Because Type 2 decision problems involve the active use of ML outputs in human decision
processes, these outputs often need to be integrated into larger decision support systems.
These systems include the ML outputs as well as other ML augmentations such as expla-
nations, data visualizations and uncertainty quantification metrics. The objective of these
systems is to provide an essential property of ML — what we call usability, or the ability
of ML to improve human decision-making. These augmentations are combined in interactive
interfaces we call usable ML tools (or simply ML tools)1.

This thesis seeks to thoroughly develop the concept of usable ML by 1) formally defin-
1Throughout this thesis, we use the term ML tool to specifically refer to ML interfaces that display ML

outputs and other helpful augmentations. This is in contrast to other uses of the term ML tools which
include libraries such as scikit-learn that are used to develop ML models.
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Figure 1.1: Summary of the properties of Type 2 decision problems that is the focus of this
thesis.

ing usable ML and motivating its importance, 2) defining the types of decision problems
that require usable ML, and 3) identifying and taking steps to address the key technical
challenges involved in developing usable ML tools. In particular, we motivate the need for
considering the usability of ML tools through multiple case studies in real-world applications,
introduce novel systems for developing ML tools, and evaluate these tools in more real-world
applications.

1.1 Usable ML

Our formal definition of ML usability is as follows: ML models, outputs, and tools are usable
if they 1) are incorporated in human decision making in order to address a problem and 2)
have a measurable, positive impact on the outcome of the problem.

To better understand this definition, consider the following example of a decision problem
where usable ML is required. A real estate agent regularly uses a ML tool developed by an
external company. This system includes outputs from an ML model, called the Ames Housing
model, which predicts home sale prices in Ames, Iowa based on factors such as the house’s
size, location, and utilities. The real estate agent works with prospective homebuyers to
better understand their needs and desires and help them bid on houses for sale. This situation
meets our parameters for a Type 2 problem: A bad decision can have significant negative
impacts for the homebuyer, who may miss out on a good home by underbidding or overpay
by overbidding. Evaluating how good the final bidding decision was is complicated, and
depends in part on long-term and nuanced opinions of homebuyers. The real estate agent,

16



Table 1.1: Applications we applied usable ML to in this thesis.

Application Decision Problem ML Prediction Problem Chapters

House Pricing Given factors a house such as size,
location, and utilities, decide on an
appropriate bid price for a prospective
homebuyer.

Predict the current value of
house in dollars

1

Child Welfare
Screening

Given a report of potential child abuse,
including a description of the case given by
a concerned party as well as background
information about the child and other
relevant individuals, decide whether to
screen-in the case for further investigation.

Predict a 1-20 risk score,
representing the probability
that the child will be removed
from their home in the next
two years if screened in and
investigated

3

Wind Turbine
Monitoring

Given recent signal information about a
wind turbine, decide whether any manual
inspections or maintenance of the brake
pad are required.

Predict the probability that a
turbine brake pad will
experience failure within
various time frames.

7

working with homebuyers, makes the final decision about how much to bid — a complex
consideration that includes not only the information about the house that the model takes
into account, but also homebuyer sentiment and preferences.

Now, consider a product manager at the company that makes the ML tool the real estate
agent uses. Their job is to ensure that the real estate agents using their system are able
to do so effectively, so it can improve their decision-making. In other words, the product
manager’s goal is to make their ML tool usable. To do so, they need to consider requirements
such as:

1. The ML model must have useful and sufficiently accurate outputs (in this case, of
house sale price).

2. The ML tool must include any information the decision-makers (real estate agents and
homebuyers) expect and need, presented in a way that they can easily understand.

3. The real estate agents and homebuyers should be able to get this information they
expect and need from the ML tool without making significant changes to their existing
decision process

Considering requirements such as these is a key component of ensuring ML tools are
usable. This thesis discusses several case studies that more thoroughly reveal the challenges
and requirements of usable ML tools, as well as introducing systems that make meeting these
requirements easier. In particular, meeting these requirements requires carefully considering
certain properties of the application.

Developing usable ML is complicated, as people working in different decision problems
may have wildly different expertise and requirements. For example, our real estate agent
may get confused by complex ensemble-model visualisations, while an ML developer using
a model for their own work may find such a visualization useful and illuminating. Similarly,
a real estate agent working on a timeline of a few days to place a bid on a house may find
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Figure 1.2: The usable ML process. Decision-makers take in a wide variety of information,
along with the ML outputs and information in the ML tool to make decisions.

detailed information more useful than a doctor who needs to act within a few minutes. In
every case, usable ML tools need to seamlessly integrate into existing decision processes if
they are to improve decision outcomes. Throughout this thesis, we delve into case studies
in three applications, summarized in Table 1.1.

When developing usable ML, we must consider 1) the people involved, including their
areas of expertise and the roles they play, and 2) the processes currently used in the decision
problem. Table 1.2 summarizes the considerations we discuss for house pricing application.
This table will be revisited for all case studies throughout this thesis.

1.2 Considerations for Usable ML: People

Developing usable ML first requires carefully understanding who will be using them, as well
as their areas of expertise and the language they use.

There are five key types of people that need to be considered when developing usable
ML. In this chapter, we introduce these roles, as well as the specific individuals we interacted
with while completing the work in the thesis that held these roles across diverse applications.

1. Decision-makers use ML tools, including ML outputs and ML augmentations, in
order to make decisions.

2. Bridges are people who bridge the gap between ML developers and decision-makers.

18



Table 1.2: Considerations for usable ML, as applied to housing pricing application.

Processes
Decision problem Should the homebuyer bid on this house, and if so, how much?
Action space Whether or not to place an offer, what price to offer
Assessed outcome Real estate agent commission, homebuyer ratings of real estate agent
Time to make a decision Unbounded
Associated risk Medium
ML Integration Proxy (Predicted house value)
People
Decision-maker(s) Real estate agent and prospective homebuyer
- ML/data expertise None
- Domain expertise Some/Expert
Bridges Product manager at real-estate ML modeling company
ML Developers ML developer at real-estate ML modeling company
ML Contributors Developers of usable ML systems (authors)
Affected Individuals Homeseller, other homebuyers

They combine their experience in ML with their understanding of the domain at hand
to help integrate ML into new decision problems.

3. ML Developers are people who prepare data and ML models for use in real-world
applications — in other words, they are experts in applied ML.

4. ML Contributors are researchers, research engineers, and other experts who spe-
cialize in fields such as ML, AI, explainable AI, and human-computer interaction, and
develop and contribute to broader systems for developing usable ML. The author of
this thesis would fall under this role.

5. Affected Individuals include anyone else who is affected by decisions made using
ML. Because Type 2 decision problems often have long-reaching impacts, the affected
group may be quite large.

To better illustrate how these roles manifest and interact, consider the housing pricing
application described above. In this scenario, the decision-makers include both the real
estate agent and the prospective homebuyer, who together use the ML model to decide
whether to bid and for how much. Neither decision-maker in this case is expected to have
any ML expertise, and while the real estate agent will have domain expertise, the homebuyer
may not. The bridge is the customer-facing product manager at the company that developed
the real estate ML tool. The ML developers are the people at the real estate modeling
company who trained the ML model and developed the ML tool. The ML contributors
are researchers like the author of this thesis who worked on general ML systems that could
be used to develop ML tools for this application. The affected individuals include the
homesellers and other homebuyers on the market, who may be affected by the eventual bid.

We now go through these roles in more detail, including the specific individuals we have
interacted with — summarized in Table 1.3
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1.2.1 Decision-makers

Decision-makers incorporate ML outputs alongside their own expertise, experience, and ex-
ternal information to make decisions and complete their work. They tend to be interested in
what the ML model and its outputs can tell them about the world and the decision problem
at hand. They want information about the ML model to be curated to include only what is
relevant for their decision-making.

Generally decision-makers do not have any data science or ML expertise, and have much
expertise in the domain of the decision problem. However, this is not guaranteed, and in fact
decision-makers could be experts in ML (such as in a decision problem about the ML model
itself), or could have no specific domain expertise (such as when ML outputs are used by the
general populace). Therefore, putting extra consideration to the expertise of decision-makers
is essential.

Decision-makers are a very diverse group, and therefore require most nuanced and thor-
ough consideration. Because of the challenges involved in fully understanding complex ap-
plications, we enlist help from bridges, discussed in the next section, to enabled smoother
collaborations. Here, we discuss the examples decision-makers involved in the work done in
this thesis.

Child welfare screeners make decisions about whether or not to investigate a case of
potential child abuse that has been reported to a child protective services (CPS) hotline as
a potential victim of child abuse or neglect.

The child welfare screeners’ decision problem that we focused on is to decide whether
to screen in a child for further investigation. If they decide to screen-in, CPS will conduct
additional interviews and investigations to gather more information, before deciding whether
further intervention is required. If they screen-out, no investigation will be conducted unless
the child is referred again in the future.

The child welfare screeners we worked with did not have any formal experience with ML
or data science, but did have extensive expertise in the application domain of child welfare.
Their primary interest in the ML outputs was as an extra check to ensure they were not
missing or misinterpreting the large amounts of data that they need to process in a short
timeframe. For example, a hotline narrative that does not on its own illicit much concern
may be more notable if associated with a child who has been referred many times by many
different people — a ML tool with properly selected ML explanations can flag information
like this.

Child welfare supervisors are also involved in the child welfare screening process as
decision-makers, but with different goals and requirements. Child welfare supervisors oversee
the screening process, ensuring that decisions are made effectively, correctly, and ethically.
While they are still interested in understanding individual ML outputs when partaking in
screening sessions, they are also interested in understanding broader patterns in screening
decisions — and relatedly, the broader logic used by the ML model. Therefore, they are
interested in ML augmentations like feature importance and summaries ML outputs on past
cases. This group includes experts in child welfare, with even more years of experience than
child welfare screeners; however, like the screeners, they are not expected to have any existing
ML or data science expertise.

We interfaced with both child welfare groups in person and virtually, through a collabo-
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ration with a county in Colorado.
Wind turbine engineers keep wind turbines running effectively and seek to minimize

downtime and maximize energy output. Their decision problem is to decide how to maintain
wind turbines, including when to send contractors up the wind turbines. Sending contractors
up turbines to inspect and fix them in person is an expensive and potentially dangerous
task, so it is essential to make these decisions carefully and appropriately. Like the child
welfare decision-makers, this group has expertise in the application domain (wind turbine
engineering), though not necessarily ML or data science expertise.

Unlike other decision-maker groups, this group interacts with ML outputs less directly,
instead getting this information through the filter of the wind turbine analysts, who fill
both the decision-maker and bridge role. The ML outputs the wind turbine engineers look at
have been selected and aggregated by these wind turbine analysts, who use their combined
turbine engineering and ML expertise to help parse out the most relevant information.

We interfaced with the wind turbine groups virtually through a collaboration with the
electric utility company Iberdrola.

Our real estate practitioner decision-maker group consists of a broad range of indi-
viduals with professional experience in the real estate industry (such as agents, mortgage
brokers, or appraisers), found through Prolific 2. All of these individuals are experienced
with the real estate industry, but their data science and ML expertise varied greatly from
none to a lot. In this thesis, we did not specifically consider real estate practitioners who had
real-world experience working with ML outputs, though ML models are becoming increas-
ingly popular in the industry. These ML models include house price prediction/appraisal
models, house recommender systems, and predictive investment systems.

We also interfaced with the general populace, or people selected from a random pool
with no specific filters expertise, again through Prolific. As consumer-level ML tools become
increasingly common, a larger number of people will interact with ML for their day-to-
day decision problems. Therefore, it is worth considering the needs and expectations of a
decision-maker audience of the general populace.

1.2.2 Bridges

The bridge role is becoming increasingly common as ML tools are developed for a wider
range of applications. These individuals combine experience with ML with understanding
of the needs of specific decision problems to help develop, tune, and deploy ML tools. They
connect ML ML developers to decision-makers to enable smooth collaborations.

A classic variety of bridge is the product manager, a role that has existed for a long time
in software development. These individuals traditionally bridge the gap between software
developers and software users — analogous in our terminology to ML developers and decision-
makers. They understand the needs and restrictions of both sides[1], and therefore perfectly
fit the description of a bridge in applications where the product is a ML tool.

For our child welfare screening application, social scientists with the Centre for Social
Data Analytics at Auckland University of Technology filled the role of bridge, and performed
tasks not unlike those done by product managers. These scientists combine understanding of

2https://www.prolific.com/
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ML with experience in social welfare domains like child welfare screening to train ML models
and develop ML tools. They validate ML models, and ensure they meet the practical, ethical,
and legal requirements of child welfare screening. Our interactions with this group were in-
person and virtually through a research collaboration.

For our wind turbine application, wind turbine analysts fill the bridge role. This
team interfaces between turbine engineers and ML developers to develop, tune, and evaluate
ML models and ML tools for wind turbine monitoring. Unlike in other domains, the data
analysts in this case also partially fill the role of decision-maker, as discussed above, as they
additionally help parse, filter, and aggregate ML outputs for the turbine engineers. This
group has expertise in ML and data science, as well as an understanding of the wind turbine
domain.

1.2.3 ML Developers

ML developers prepare data for an train ML models and develop ML tools for use in various
applications. They have ML and data science expertise. While ML developers often aim
to gain understanding of specific application domains to help with their work, they tend to
not be experts, and interface with bridges to aid with their understanding. ML developers
may work within specific applications as applied ML developers. Alternatively, they may
work for companies on more general ML tools.

We worked with many ML developers ranging from those with less than a year of ML
or Python development experience (recruited through Prolific) to those with 10+ years of
specialized ML experience (recruited through platforms including Upwork and MIT email
lists).

1.2.4 ML Contributors

ML Contributors are ML experts who create and contribute to generalized systems for de-
veloping usable ML. This group includes a wide range of ML theorists, researchers,
and research engineers in areas such as ML, AI, explainable AI, and human-computer
interaction. The author fills this role.

1.3 Considerations for Usable ML: Processes

Having identified and understood the people in an application, the next step is to understand
the broader decision process including the decisions that can be made, the actions that can
be taken, and the outcomes to be tracked. The Type 2 decision process is summarized in
Figure 1.2, including the incorporation of an ML tool. The key questions that elucidate this
process are:

1. What is the decision problem, or the decision that needs to be made?

2. What is the action space, or the possible actions the decision-maker can take based
on the decision they make?
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Table 1.3: Roles and types of people involved in the research in this thesis, and their corre-
sponding expertise.

Role Position Application Domain expertise ML expertise

Decision-makers

Child welfare screeners Child welfare screening High Low
Child welfare supervisors Child welfare high screening Low
Turbine engineers Wind turbine monitoring High Med
Turbine data analysts Wind turbine monitoring Med-High Med-High
Real estate practitioners House pricing High Varies
General populace House pricing Low Low

Bridges
Product managers All Med-High Med-High
Social scientists Child welfare screening Med-High Med-High
Data analysts Wind turbine monitoring Med-High Med-High

ML Developers
Applied ML engineers All Low High

ML Contributors Authors All Low High
ML research community All Low High

3. What is the assessed outcome, or the metric(s) to be optimized by the decision
problem? In Type 2 decision problems, the real outcome of interest is often complex
and difficult to quantify, so a related question is, what reasonable, measurable proxies
exist for the outcome?

In addition to these three components of the process, a few more considerations are impor-
tant:

1. How much time do the decision-makers have to make a decision? Does the decision
have to be made in a matter of seconds, minutes, or hours? Or is time not relevant?

2. What is the risk associated with the decision — in particular with individual mis-
takes? Most decision problems will have negative consequences from repeated bad
performance, but costs of individual errors vary greatly from low (such as a briefly
irritated customer) to very high (such as death).

3. How are ML outputs integrated into the decision workflow? Will the ML model
run completely autonomously, autonomously with human oversight, make direct rec-
ommendations of action that a decision-maker either follows or ignores, or give proxy
outputs do not directly recommend action but are more broadly relevant to the prob-
lem? The last option is most likely for Type 2 problems.

4. What are the details of the decision process — what information do decision-makers
look at, and how do they integrate that information in their work?

For the house pricing application, the decision being made (question 1) is how much (if
anything) the homebuyer should bid on the house. The actions that can be taken (question
2) based on this decision are to bid a specific amount, or to not bid at all. The outcomes to
be assessed (question 3) include homebuyer satisfaction, which could be proxied by metrics
such as homebuyer feedback ratings, and real estate agent commission. The time available
to make the decision will depend on the current housing market, but will usually be at least
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several days. Risk is subjective; we label it here as medium, because while there are not
significant risks to health or safety, a home is a very significant purchase. Finally, in this
context the ML model offers proxy information — the predicted sale price of the house —
which correlates with but does not directly correspond to the bid price.

1.4 Technical Challenges in Usable ML

These considerations for usable ML help guide the development of ML systems that can
enable the creation of ML tools for diverse domains. They also highlight several technical
challenges that this thesis seeks to address.

As we have seen, many people with many different types of expertise are involved in the
process of developing and using ML tools. Decision-makers, who often have no ML or data
science knowledge at all, need to be able to understand and use ML outputs. Bridges, who
are familiar with ML but likely not experts at ML development, need to actively contribute
to the development, tuning, and evaluation of ML tools. ML developers need to be able to
create ML tools that include diverse and usable ML augmentations such as ML explanations
without having to become experts in explainable AI research. Even affected individuals not
directly involved in the decision problem may find themselves needing to understand how
ML outputs have impacted them — for instance, as part of the right to explanation promised
by the European Union’s General Data Protection Regulation (GDPR) [2].

Additionally, the diversity of Type 2 decision problems means ML tools will need to
look very different for different applications. In some applications, decision-makers need
to understand the problem and make a decision in minutes. In some, a tiny oversight
could have catastrophic results. In some, the ML output itself is far less important than the
corresponding ML explanations. Currently, ML tools need to be custom built and configured
for every situation. Not only does this take tremendous time and resources, it also forces
ML developers to be involved extensively and takes power away from bridges and decision-
makers.

This is where a systems approach in computer science offers an approach — through
the development of a highly configurable, generalizable system for usable ML, including a
consistent and easy-to-use high-level API, usable ML can become faster and easier to apply
to diverse domains.

In particular, this system needs to address three key challenges:

1. ML augmentations such as explanations, dataset visualizations, and performance met-
rics need to be understandable to the decision-makers who need to use them. Currently,
many explainable ML algorithms create explanations that use features in the format
— or feature space — required by the model. These explanations provide information
in terms of heavily engineered features and are therefore difficult to understand.

2. The system needs to support easily creating ML tools that support the full range
of interactions that decision-makers need, and be highly configurable to the diverse
requirements of different applications. Creating new ML tools should not take months
for each new application.
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3. These ML tools need to be evaluated within the bounds of long-term, real-world
projects. Lab studies cannot capture the intricacies of real-world applications.

In this thesis, we introduce a system for developing ML tools that are usable to diverse
decision-makers. We also apply this system to multiple real-world domains, and evaluate
their usability.

1.5 Problem Statement and Contributions

This thesis offers several primary contributions, which seek to address the practical and
technical challenges involved in developing usable ML for Type 2 decision problems.

1. We introduce (above), and apply to multiple real-world applications, a formal set of
considerations that act as a road map for developing usable ML tools.

2. We propose a formal taxonomy for interpretable features, motivated by work in mul-
tiple real-world applications (Chapter 4). We then develop a system called Pyreal for
creating ML augmentations using interpretable features (Chapter 5).

3. We formalize the scope of interactions and configurations that must be considered when
developing usable ML for diverse decision problems, and discuss our system called Sibyl
that supports developing usable ML for this full scope (Chapter 6).

4. We evaluate our system and the ML tools developed with it through a longstanding
project within the real-world application of wind turbine monitoring (Chapter 7).

We begin by giving some background on applied and explainable ML. We then formally
introduce the many kinds of people we collaborated with in the work for this this thesis.
We then go through a motivating application in child welfare screening. This application
demonstrates the technical challenges involved in developing usable ML tools. Then, we go
through the technical work of the thesis, including our formal taxonomy for interpretable
features, our system for creating ML augmentations with interpretable features, and our
system for developing usable ML. Finally, we go through our evaluation in wind turbine
monitoring.
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Chapter 2

Background

In this chapter, we go through existing work on applied and explainable ML.

2.1 Human-Centered ML

In the past, some ML researchers have advocated for the field to adopt a human-centered
perspective [3] — one that considers ML models acting alongside humans as part of col-
laborative teams. This perspective considers how humans use, interact with, adapt to, and
evaluate ML tools and ML outputs [3]. A truly human-centered ML approach is compre-
hensive end-to-end, beginning with human-in-the-loop training and ending with evaluations
based on the metrics decision-makers are most interested in [3]. This thesis focuses on the
decision-making part of this pipeline.

Nyre-Yu et. al. [4] found that just explaining ML outputs is not always helpful; other
kinds of augmentations, such as details about historic cases and data visualizations, may be
preferable. Additionally, Cheng et. al. [5] found that interactive explanations work better
for real applications than static ones. Throughout this paper, we prefer to use the term
“usability” rather than “explainability,” to highlight that we consider many different kinds of
augmentations, rather than only explanations.

Riedl [6] suggests that taking steps to create ML tools that help humans understand ML
models better is an important part of human-centered ML research. A significant benefit of
this work is that it allows humans to understand and move forward in the event that an ML
output is incorrect [6]. In particular, Riedl emphasizes the importance of considering the
increasingly large pool of decision-makers without ML expertise using ML tools.

Another important goal of human-centered ML is to lower the barrier to entry for building
ML tools [7]. People without specific ML expertise offer many valuable insights about the
decision process that are essential to leverage. Our system for developing usable ML tools,
Sibyl, takes steps to bridge this gap and bring these people in.

Much literature has emphasized the importance of considering diverse audiences of decision-
makers when developing ML tools for use in decision making, and suggested different tax-
onomies of roles to consider. Preece et. al. [8] proposed four main categories of individuals.
In their proposal, developers, like our ML developers, build ML applications. Theorists seek
to understand and contribute to ML theory — we tie this role in with ML contributors. Ethi-
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cists are concerned with the fairness and accountability of ML systems — we have found that
people across many roles take on this consideration, and do not consider it to be a specific
role. Finally, users, like our decision-makers, use ML tools and ML outputs.

Barredo-Arrieta et. al. [9] emphasize the importance of considering and defining the
target audience for explainable ML applications. They discuss applications where the audi-
ence includes domain experts, managers, and regulatory entities (all of which fall under our
decision-maker umbrella), data scientists (which can be ML developers or ML contributors),
product owners (bridges), and affected individuals. Each of these groups needs different
things from explainable ML. For example, domain experts using ML models need to cal-
ibrate trust in the model, understand causality, and gain the additional information they
need to make decisions, while regulatory entities may be more interested in the fairness and
privacy of explainable ML.

Ray Hong et. al. [10] similarly investigated how people with different types of expertise
and experience interact with explainable ML differently. They consider three categories of
people. Model builders develop ML applications — this position is encompassed by our ML
developer and ML contributor roles. Model breakers have the domain knowledge necessary to
verify that ML models work effectively and meet application goals. Our bridge role includes
this task, as well as other related tasks. Model consumers, like our decision-makers, use ML
outputs to make decisions.

Ehsan et. al. [11] experimented with explainable ML by showing people with different
levels of ML expertise robots that explained their actions in different ways. They determined
that people, especially those with ML experience, tend to trust numbers to potentially
unwarranted degrees, including valuing “explanations” that consisted only of unintelligible
numbers. They further emphasized the importance of considering the expertise of the people
who will use ML outputs and DSSs when developing them.

2.2 Explainable ML

The field of explainable ML (also called explainable AI or XAI) seeks to “open the black
box” of ML models to help explain ML outputs to decision-makers. Many usability concerns
in ML – such as lack of trust, difficultly reconciling disagreements between decision-makers
and ML outputs, and difficulty connecting ML outputs to the broader real-world picture –
stem at least in part from the black-box nature of ML models [12].

Doshi-Velez and Kim proposed that the need for explainable ML stems from an “in-
completeness in the problem formulation” [13], which prevents the ML model from being
thoroughly evaluated or trusted. This incompleteness prevents rigorous reasoning about the
problem, which requires a more nuanced investigation by humans, which in turns requires
explanation [13].

ML explanations can take many forms; broadly, they seek to provide some logic or justi-
fication for why a model acts the way it does, or deeper insight into how an ML model may
act in the future. ML explanations can be global, meaning they explain the ML model’s logic
in general, or local, meaning they explain a specific ML output [13]. For example, a global
explanation may take the form of “the ML model values houses based on their size”, while a
local explanation takes the form of “this house will sell for more than average because it is
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larger than average”.
The explainable ML literature has proposed a wide range of algorithms for explaining

ML models. These algorithms can be model-agnostic, meaning they work on any type of
ML model that follows some basic structure (such as taking in tabular data and returning
an output prediction) or model-specific, meaning they are developed to work with specific
properties of one type of ML model architecture [13]. Some ML models are furthermore
considered to be inherently interpretable (also called white-box models) [13], meaning they
require few enough operations and have simple enough structures that their logic can be
directly understood without external explanation algorithms. For example, models like lin-
ear/logistic regression, decision trees, and decision rules are considered to be white-box
models. However, my past work [12] has found that even white-box models can be difficult
for decision-makers without ML expertise to fully understand.

Due to the wide variety of ML models architectures used throughout real-world applica-
tions, the systems discussed in this thesis focus primarily on model-agnostic explainable ML
algorithms. Examples of these include the following:

1. Global Surrogate Modeling [14] is an approach where one aims to train a white-box
ML model that roughly approximates the logic or decision boundary of the black-box
ML model being explained. In this approach, a white-box model is trained to predict
the black-box model’s outputs.

2. Local Interpretable Model-Agnostic Explanations (LIME) [15] is a local explainable ML
algorithm built around the concept of local surrogates. Unlike global surrogates, local
surrogates seek to match the black-box model only for a small set of inputs. Rather
than training a surrogate model on a full training dataset, in LIME the surrogate is
trained only on a dataset of input/output pairs that are in the local region of the input
from the input/output pair of interest.

3. SHapley Additive exPlanations (SHAP) [16] is a local explainable ML algorithm that
assigns a positive or negative contribution to every feature used by the ML model,
indicating how much that feature increased or decreased the ML output on the specific
input. The A in SHAP stands for additive, meaning the contributions of each feature
together will add up to the final ML output. SHAP’s feature contributions are instances
of Shapely values, a concept from game theory, that state how to fairly distribute a
payout (the ML output) across all players (features).

4. Permutation Feature Importance [17] produces global explanations through permut-
ing features individually in the training dataset, and observing how much the model
performance drops based on this permutation.

5. Counterfactuals [18] seek to find the smallest change in an input required to change the
ML output to a different class (for classification models), or change the output by some
threshold (for regression models). For example, a counterfactual explanation may look
like “your loan would not have been rejected if your salary was $10,000 higher”.

6. Anchors [19] can be thought of as the opposite of counterfactual explanations — they
seek to find the minimum set of features such that, if they are unchanged, the ML
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output will also not change, even if all other features are changed by some threshold
amount.

Many examples throughout this paper use SHAP-based explanations, as this is a popular,
intuitive approach.

2.3 Explainable ML for Decision Making

Developing explainable ML for use in decision-making is a highly context-dependent task.
Explainable ML tools tend to be be developed for an audience with ML expertise. Past work
has suggested it is beneficial to include decision-makers more directly in the explainable ML
development process. Hong et. al. [10] found through interviews that ML explanations
developed with decision-makers involved were better attuned to the domain-specific needs
of the decision problem, and suggested that these explanations can be misused if they are
made without considering the target audience (for example, doctors could misinterpret ex-
planations as having causal meaning if they’re presented incorrectly). Bhatt et. al. [20]
found that most ML tools featuring explanations are intended for use by ML developers
rather than by decision-makers, leading to usability challenges. Jiang and Senge [21] found
that decision-makers without ML expertise have different goals for explainable ML than ML
developers, such as a need to vet the model per their own legal and ethical requirements, and
for explanations be accurate but understandable given their expertise. The authors found
that collaborating with these teams is essential for generating clear explanations. Arrieta et.
al. [9] found that different groups use explainable ML for very different purposes, ranging
from model debugging for ML developers to knowledge discovery for decision-makers.

Past attempts to use explainable ML tools for real-world decision problems problems has
demonstrated the importance of tuning explanations to the intricacies of each domain, while
also demonstrating the difficulties involved in doing so.

Tonekaboni et. al. [22] surveyed clinicians in an intensive care unit and an emergency
department to characterise what kind of explanations are effective for this group of decision-
makers. Participants were asked to imagine a hypothetical tool that would predict cardiac
arrest. Key factors that clinicians reported wanting to see included 1) aid in justifying their
own medical decisions, 2) details about the ML model’s context, including situations in
which it is likely to make errors, and 3) an understanding of the data the ML model uses to
calibrate trust.

Lundberg et. al. developed Prescience, a ML tool focused on preventing hypoxaemia
during surgeries [23]. This system predicts the risk of hypoxaemia in the next five minutes
using a gradient-boosting algorithm trained on time series data. It also includes several
visualizations to explain its predictions, including SHAP feature contribution explanations.

Kwon et. al. [24] developed RetainVis, a ML tool for explaining predictions made by
recurrent neural networks (RNNs) applied to electronic medical records (EMRs). The system
was developed with active feedback from decision-makers (medical practioners). Retain-
Vis includes five different visualizations for looking into RNNs: 1) an overview of patient
information including multiple plot types, 2) a summary of patient data over time, 3) an
interface that enables comparisons across different patients, 4) details about individual pa-
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tients, and 5) a what-if analysis system that allows users to experiment with hypothetical
cases by editing patient values.

2.4 ML Systems for Building ML Tools

Several systems and frameworks for creating ML tools for diverse decision problems already
exist.

Wang et. al. [25] developed a human-driven conceptual framework for developing ex-
plainable ML tools. They found that decision-makers seek explanations to justify unexpected
occurrences, monitor for important events, or facilitate learning. They created a taxonomy
of AI techniques based on how they support human reasoning and represent information.

Many existing systems have ML developers as the target audience, for use in ML model
debugging and tuning. What-If Tool [26] is a system that creates interactive ML tools focused
on counterfactuals and probing model behavior designed for debugging models. It enables
ML developers to better understand how ML models perform on different subsets of input
data and under varying hypothetical parameters. InterpretML [27] is an explanation system
for debugging and auditing ML models. It offers a unified, extensible API that enables users
to generate explanations in a standardized way regardless of model type. InterpretML is
meant for audiences of both ML developers and other individuals interested in the model,
though its primary focus is on aiding understanding of the ML model rather than helping
with active decision-making. Manifold [28] is an ML explanation system specifically made
for debugging models and improving performance.

Other systems create ML tools for an audience of decision-makers without ML expertise.
H2O Driverless AI [29] is an autoML system that includes an explanation component. This
system includes several explanation methods, including decision tree surrogates, K-LIME,
and multiple feature importance metrics. Our work focuses more closely on the usability and
explainability component of the usable ML workflow, aiming to increase application-specific
configurability.

AI Explainability 360 [30] and AI Fairness 360 [31] are systems for building decision-
maker-focused systems that offer explainability and fairness metrics, respectively, for applied
ML. Both offer extensible and flexible Python-based APIs that bring together different meth-
ods for providing additional information about ML models and their outputs, with the goal
of making explainability and fairness metrics accessible to a wider audience. Sibyl extends
this work by offering additional kinds of augmentations on top of explainability, as well as
additional layers that enable this information to be accessed without Python code.
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Chapter 3

Application 1: Usable ML for Child
Welfare Screening

The work in this thesis was motivated by a year-long investigation into developing usable ML
tools for child welfare screening. Prior work on ML tools tended to focus on applications used
by ML developers [28], [32], [33] or decision-makers in more technical or data-driven fields
such as medicine [23], [24]. We aimed to expand the scope of ML ML tools by undertaking
a thorough investigation into the challenges involved when child welfare screeners, decision-
makers who lack ML or data science expertise, need to use and understand ML outputs.

ML outputs have been deployed in Allegheny County, PA and elsewhere, with the goal
of enabling more efficient and consistent decision-making and improving the overall health
and safety of children and families [34]. For our case study, we worked with an ML model
introduced to our collaborating county in Colorado by Vaithianathan et. al. [34]. This was
a LASSO regression ML model trained on 461 features, including information such as the
child and parents’ ages, past referrals and their outcomes, and past court involvements. The
model predicts the likelihood a child will be removed from their home in the next two years
if they are investigated, translated to a 1 through 20 risk score, where higher scores were
shown to correlate with higher risk of abuse [34]. The purpose of this model was to help child
welfare screeners decide which cases to screen in for further investigation, by highlighting
situations were the data may paint a different picture than their intuition.

Due to the high-stakes nature of this application, and the decision-makers’ lack of ML
expertise, we expected to find some usability challenges with ML outputs. Through our
previous literature review [35], we identified seven key challenges in using ML outputs for
decision-making described in the literature, codified in Table 3.1. We investigated which, if
any, of these applied to child welfare screening.

The work in this chapter seeks to address four research questions:

RQ1 What are the answers to the considerations described in Chapter 1 for the field of child
welfare screening? Who are the people and what are the processes involved?

RQ2 What challenges do child welfare screeners encounter when trying to use ML outputs
for decision-making?

RQ3 Past work has relied on simple visualizations of the ML output — what additional
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Observe screening
without ML

Observe screening
with ML

Develop initial interface designs, and 
iterate based on interviews with screeners

Evaluate interfaces with 
simulated screening session

2 days, 9 partipants 1 day, 19 partipants 5 months, 19 partipants 3 weeks, 25 partipants
(13 child welfare experts)

Figure 3.1: The process we followed for the child welfare screening case study.

ML augmentations such as explanations can be helpful in mitigating these usability
challenges?

RQ4 What design choices must be made when building ML tools with these augmentations
to optimize them for use by child welfare screeners and other similar decision-makers?

The work in this chapter was previously described in [12] and further elaborated on in
[36]. In this thesis, we highlight methods and findings from this work relevant to the need
for systems for usable ML that help motivate the rest of the thesis.

Case Study Participants. Over the course of a year, we collaborated with a pool
of 19 child welfare screeners and child welfare supervisors working for the child protective
services (CPS) department in a collaborating county in Colorado. This group made up our
participant pool for the feedback and development portion of the case study. All partici-
pants regularly participate in the county’s child welfare screening decision-making process.
Our collaborations began in December 2019, with two days of in-person field observations.
Following this, we observed a simulated case review session via video conferencing and con-
ducted several interviews, also via video conferencing. Finally, the child welfare screeners
and supervisors participated in our user study digitally.

Our study involved four steps, as summarized in figure 3.1.

3.1 Understanding Context and Decision-maker Needs

To address our first two research questions — understanding the people and processes in-
volved in child welfare screening, and the challenges that arise when child welfare screeners
try to use ML outputs — we performed a series of field observations and interviews [12]. In
this section, we discuss our goals and the findings we made during these steps.

3.1.1 Observing Decision-Making Without Ml to Understanding
the People and Processes

To better understand the people involved in child welfare screening and the existing child
welfare screening process (RQ1), we travelled to our collaborating county in Colorado to
observe how child welfare screeners make screening decisions without using ML outputs. Our
observations led to the following findings:
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Table 3.1: List of usability challenges that impact the usability of ML models.

Usability Challenge Code Mitigating Tools

Lack of Trust TR Global explanations, local explana-
tions, performance metrics, historical
predictions and results

Difficulty Reconciling human-ML
Disagreements

DIS Local explanations

Unclear Consequences of actions CON Cost-benefit analysis, historical pre-
dictions and results

Lack of Accountability or
protections from accountability

ACC Local explanations, performance
metrics

Ethical Concerns (ex. possible bias,
concerns about oversimplification)

ETH Global explanations, local explana-
tions, ML fairness metrics, historical
predictions and results

Confusing or unclear prediction
Target (ie. the measure predicted

by the model has an unclear
meaning or significance)

CT Cost-benefit analysis, further analy-
sis of prediction target impact

Unhelpful prediction Target (ie. the
measure predicted by the model is

not relevant to the required
decision)

UT Retrain model with new prediction
target

1. The primary people involved include the child welfare screeners and their supervisors
(decision-makers), as well as the social scientists developing the ML model (bridges).

2. Figure 3.2 shows the decision process used by our collaborating county. In cases of high
concern, a referral may be screened in immediately after it is received by CPS (this
decision is made by a child welfare supervisor). In most cases, however, the decision
of whether to screen-in or screen-out a referral is made by a team of child welfare
screeners. It is this team that receives the risk score computed by the ML model.

3. This team spends five to ten minutes on each case. Most of this time is spent going
over the details of the case, followed by one to two minutes of discussion, after which
the screening decision is made.

4. A large amount of this five to ten minutes of screening time is dedicated to determining
factors in the case that are associated with higher and lower likelihoods of abuse —
referred to as risk and protective factors, respectively — and weighing these against
each other. The factors considered will vary based on the details of the case, but
may include information such as child’s age (very young children are more vulnerable),
criminal records of adults involved, whether there are any trusted adults active in the
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Table 3.2: The usable ML considerations for child welfare screening, including people and
processes.

Process
Decision problem Whether to investigate a potential case of child abuse
Action space Investigate immediately or within a set number of days; provide

additional services; log with no action
Measured outcome Number of re-referrals with substantiated abuse; number of inves-

tigations without abuse
Time to make a decision Minutes
Associated risk High
ML Integration Proxy (Risk score)
People
Decision-maker(s) Child welfare screeners and supervisors
- ML/data expertise None
- Domain expertise Expert
Bridges Social scientists
ML Developers Social scientists, Authors
ML Contributors Authors
Affected Individuals Referred children and families; communities of referred families

child’s life, and actions and statements made by adults involved (for example, a mother
taking action to separate an aggressive partner from her children).

Through our interviews, we identified the answers to the application considerations shown
in Table 3.2.

3.1.2 Observing Screening with ML to Understand ML Usability
Challenges

Next, we sought to identify the usability challenges faced by decision-makers when using ML
outputs. To identify the particular ML usability challenges relevant to child welfare screening
(RQ2), we observed a simulated case review session where decision-makers used ML outputs.
In this session, our 19 participating child welfare screeners and supervisors were split into
three teams, which we will refer to as T1, T2, and T3. They were asked to make screening
decisions about real referrals that the county had handled in the past. There was no filtering
done on these cases, so some cases may have been ones the screeners reviewed in the past.
For each case, they had access to the same information that child welfare screeners typically
have during screenings — including the age of all involved parties, and a written description
of the potential abuse as given by the referring party — as well as a 1 through 20 risk score
outputted by the ML model. After receiving this information, the participants went ahead
with their usual decision process: discussing the case as a team for five to ten minutes and
then making a screening decision. The teams were then interviewed and asked to reflect
upon how they used each ML output, whether the outputs aligned with their expectations,
and how they impacted their screening decisions. Each team made decisions on seven to
nine cases.
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Investigate immediately
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No action
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Screen out
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Figure 3.2: The child welfare screening process used by the CPS department of our collab-
orating county [12]. First, the CPS hotline receives a referral, which is then sent to a child
welfare supervisor. In a minority of cases, the supervisor will deem the child or children
involved to be at immediate risk, and will screen-in the case for immediate further investiga-
tion. In most cases, however, the case will be reviewed by a team of child welfare screeners
the next day. This team will be given the ML output (risk score, dark blue box). If this team
decides to screen-in the case, it will be investigated further through home visits, interviews,
or other means. Otherwise, the case will be recorded, but not investigated unless re-referred.
In the case of a screen-out, the screeners may elect to provide the family with other family
services, such as access to counseling or food benefits.

During interview sessions, all three teams expressed reservations about using the ML
outputs. Based on their responses to our interview questions, we identified four key usability
challenges:

1. Lack of Trust TR Participants expressed a lack of trust when making screening
decisions using the ML outputs, as evidenced by their tendency to not consider the
outputs at all when they disagreed with their intuition. For example, when asked
whether an output score caused them to reconsider one of their decisions, T3 responded

“No, [we were] surprised it is that low.”

2. Difficulty reconciling human-ML disagreements DIS Participants did not
have a clear path forward when they disagreed with the ML outputs, sometimes electing
to ignore it entirely (see previous item) and sometimes trying to justify it based on
how they thought the ML model worked. For example, T2 reported in one case that
the score made them

“think a little deeper about why the score is so high [and caused us to] take
another look at [the history]”

3. Unclear prediction target CT Because the ML model provides proxy information
(a 1-20 risk score based on the likelihood of removal from home within 2 years) rather
than a direct decision suggestion, there was some confusion about how to use the ML
outputs. For example, when asked how the model affected their decision process, T3
responded

“[we did not know] enough of what the score means to know how to accurately
use it.”
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T3 also said they

“wish we knew how we got to the score.”

4. Concerns about Ethics ETH As expected for such a sensitive domain, partici-
pants were concerned about the ethics of using the ML outputs. There was concern
that the model could prevent critical thinking. T3 commented

“[The model] could be dangerous for people just looking at the number, need
to take everything into account. Makes you stop and think and ask yourself
are you critically thinking...”

3.2 Developing and Iterating on ML Tool Interface De-
sign

To address our second two research questions – regarding which kinds of ML augmentations
help address usability challenges and what design decisions need to be made when developing
them – we created a prototype ML tools including five interfaces [12]. We began by design-
ing high-fidelity mock-ups for each of the interfaces. Table 3.3 summarizes the motivation
behind each interface in terms of its theorized effect on addressing the usability challenges
we identified.

Early in the design process, we learned that the word “factor” is more familiar to child
welfare screeners and supervisors than “feature” when referring to pieces of information used
when making decisions. For the purposes of consistency, we use the word "factor" throughout
this chapter when referring to data inputs used by the ML model.

We then iterated on our interfaces based on feedback from screeners and supervisors, as
described in detail in [12]. The final version of one of our interfaces is shown and described
in Figure 3.3.

3.3 Evaluating ML Tool Interfaces with Simulated Screen-
ing Session

Having gone through and addressed initial feedback, we implemented an experimental ML
tool based on our mock-up designs. We then evaluated this system with two formal user
studies, in the form of simulated screening sessions.

Our first study had 12 participants, including a mix of ML developers and social scientists.
We chose to run a study with this group first in order to iterate on the basic UI/UX elements
of the DSS without taking too much of the child welfare screeners’ limited time. Although our
ML developer participants had no prior experience in child welfare screening, it was possible
for them to understand the process intuitively enough to use the ML tool for rudimentary
decision-making. We refer to this group as the domain non-expert participants, as they are
not experts in child welfare screening.
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Age range of child in focus
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out referral (at the time of current referral). Only includes screened out referrals
more than 2 years prior to referral date.
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Figure 3.3: The final version of the "Details" interface after factoring in feedback from our
final user study evaluation. This interface shows how particular factors contribute to the
child welfare screening ML outputs. Labeled elements are as follows: (A) The ML output
(risk score) for the case (1-20). (B) Categories for each factor, such as demographics (DG)
or referral history. (C) A short description of each factor. (D) The value of numeric or
categorical factors. (E) The contribution of each factor (the table can be sorted in ascending
or descending order of contribution). (F) UI components for searching by factor name or
filtering by category, enabled when the full factor list is shown. (G) A button for switching
between a view tat shows only the top 10 most contributing factors and one that shows all
factors. (H) A button for switching between a single-table view and a side-by-side view,
which splits factors that increase and decrease risk. (I) A sidebar for switching between
different interfaces.

For our second study, we engaged 13 of the collaborating child welfare screeners from
our case study participant pool, 2 of whom completed the task while video conferencing and
screen-sharing with us. We refer to this group at the domain expert participants, as they are
experts in child welfare screening. We discuss the results of both user studies in this section.
Data used: For privacy reasons, we used only synthetically generated and deidentified data
for this study. Data for different factors was generated using the CTGAN synthetic data
generation algorithm [37], in which a generative model is learned from the real data and
samples that resemble the real data are drawn from this model.

Case descriptions were real paragraph-form narratives provided by concerned parties dur-
ing past referrals. Names were changed by a representative of the county for de-identification.
For example:

“Caller (teacher) says Abby (age 5) came into school with bruise on arm. Caller
says Abby often comes in bruised. Abby told teacher she fell off bike. Teacher
asked Abby’s mother about this...”

Participants were first shown a short video explaining how to use our ML tool. Next,
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Table 3.3: The proposed ML tool interfaces (left column), the challenges they were theorized
to address (middle column, using the codes from Table 3.1), and the reasons we expected
these interfaces to address the given challenges (right column). TR: Lack of trust in the
model. DIS: Difficulty reconciling disagreements. CT: Confusing prediction target. ETH:
Ethical concerns.

Interface Challenges
Addressed

How does it address the challenge?

TR

Case-Specific Details TR Reveals relevancy of considered factors
DIS Highlights factors that may have been missed or mis-

used
CT Translates score to a concrete factor list

ETH Allows for critical thinking about factors and score

Sandbox DIS Allows users to test theorized justifications
ETH Allows for thinking through what-if scenarios

Similar Cases TR Provides information on past performance
ETH Provides a deeper look into the nuance of cases

Global Factor Importance TR Reveals how the model generally makes predictions
CT Translates the score to a concrete factor list

Factor Distributions TR Shows how well the model performed on past cases
CT Shows the relationship between the risk score and re-

movals from home

they were shown 7 case descriptions, accompanied by ML outputs (risk scores) and the ML
tool populated with simulated data.

Participants were then asked to make a screen-in/screen-out decision, and to answer some
reflection questions. These questions included 1) five-point Likert-scale style questions about
how much participants trusted the model and how confident they felt in their decisions, 2)
multiple-choice questions about which interfaces in the ML tool were helpful, and 3) free
response questions about trust in the model and general feedback.

In total, the child welfare expert participants completed 73 individual case analyses, and
the non-experts completed 75.

3.3.1 Study Results

The Details interface was rated the most helpful by screeners

To address RQ2, we analyzed the self-reported helpfulness of each interface in the ML tool.
The Details interface was considered the most helpful interface by a large margin, by

both experts and non-experts. It was labelled as being helpful by experts in 91.8% of case
analyses, and by non-experts in 90.7% of case analyses. This was significantly higher than
Sandbox (experts: 16.4%, non-experts: 22.6%) and Factor Distributions (experts: 20.5%,
non-experts: 8.0%). Factor Importance was never listed as helpful by either group.
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Participants with child welfare screening expertise rely on the ML tool less than
those without this expertise

Unsurprisingly, domain non-experts were more likely to report listening to the ML output
without considering the additional augmentations provided by our ML tool. One non-expert
participant commented,

“No idea what is going on in this case description – so completely defer to the
model here.”

Another non-expert participant commented

“I found the score useful - and used it as a justification for screening out without
exploring in detail all the factors.”

Additionally, non-experts reported that they used the model “a lot” or “a great deal” on
46.4% of cases, while experts chose these options in 15.6% of cases.

The ML Tool can both increase and decrease trust for different reasons

The ML tool was reported to both increase and decrease domain expert participants’ trust in
the model, for different reasons. To analyse why this might occur, we thematically analyzed
the responses to the open question “What made you trust the model more or less?” We
gathered 56 responses to this question on individual cases and divided the answers into two
categories, based on the corresponding answer to the 5-point Likert scale question “How
much did you trust the model’s prediction for this case?” 43 free-responses corresponded to
trusting the model “a great deal,” “a lot,” or “a moderate amount,” while 13 corresponded
to trusting the ML output “a little” or “not at all.” For all but three of these answers, the
response corresponded with the degree of trust listed (ie., participants who reported trusting
the ML output provided reasons why they trusted it more). We do not include the three
exceptions in our analysis.

To conduct the thematic analysis, we categorized responses according to which (if any)
specific interfaces were referenced, and further identified what specific elements of the inter-
faces were referenced. For answers that did not reference a specific interface, we identified
themes in the responses, such as agreement with the ML output or references to general
information provided by the ML tool. With these two categorization mechanisms, we sorted
the responses into 7 themes that corresponded with increasing trust, and 5 themes that
corresponded with decreasing trust.

Table 3.4 lists these themes. We see that agreeing with the ML output increases trust
in the model the most. Beyond this, the Details interface was frequently cited as increasing
trust, either due to specific factors listed or more general elements of the interface, such as
the number of factors. Trust was reduced when there was confusion or inconsistency in the
presented information, or when the interfaces suggested that the ML model did not consider
important factors that participants knew about.
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The way information is presented in ML tools can cause confusion

To address RQ3, we categorize and summarize the comments made by users regarding the
ML tool design choices, as well as the steps we took to address them.

1. Too many factors shown. The ML model was originally trained on over 400 factors,
all of which were presented in the ML tool, but many of these factors have zero or near-
zero weight. For example, one expert participant commented:

“Too many factors listed. I only want to see the material risk and protective
factors.”

Our updated version of the ML tool only shows 10 factors by default, with an option
to show more.

2. Confusion caused by correlated factors. The ML model uses some engineered
factors, resulting in factors that have deterministic relationships. For example, there is
a numeric factor called AGE OF CHILD, and then a set of binary factors referring to each
age group: i.e. CHILD IS LESS THAN 1 YEAR OLD, CHILD IS BETWEEN THE AGES OF
1 AND 3, etc. These factors may cause confusion when shown directly to participants.
In addition to increasing the cognitive load without providing additional useful in-
formation, interfacesthat display these factors may reveal seemingly contradictory or
unusual relationships. For example, the categorical age factor may contribute greatly,
while the numeric age factor does not.

Additionally, having these correlated factors causes confusion on the sandbox page, as
it is possible to change one factor without changing all of the other deterministically-
correlated factors in its set. One non-expert participant commented,

“I’m not sure, in the sandbox, if I change one feature, other features will be
changed automatically.”

To solve these problems, we combined the correlated factors in the information we dis-
played, forming categorical factors out of binary one-hot encoded factors, and summing
the additive contributions.

3. Confusion caused by Boolean terminology. One source of confusion was the
method of displaying Boolean factors. In our original design, we displayed the descrip-
tion of the factor, with a value of True or False. This is the most accurate way of
representing the model’s logic, but it is not the most intuitive way for the child welfare
screeners. One expert participant said,

“The ‘true’ and ‘false’ is hard to interpret... Would rather have a positive
statement (e.g., no perpetrator named)”

Therefore, our final version of the ML tool instead states only true statements about
the child — including by negating descriptions of false factors. For example, the factor
CHILD HAS SIBLINGS with a value of False will be displayed as CHILD DOES NOT HAVE
SIBLINGS.
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Table 3.4: Summary of answers to the question “what made you trust the model more/less”
by child welfare expert participants. The top section lists reasons for having “a great deal”,
“a lot” or “a moderate amount” of trust in the model. The bottom section lists reasons for
having “a little” or “not at all” trust in the model. The first column lists the general themes
we found in the answers. The second column lists the number of answers that fell within
each theme. The final column lists selected answers for each theme.

Themes that increased trust

Category # of
answers Sample answers

The screener liked seeing what factors were
considered risk of protective (Details)

8 “The details and the risk and protective factors
and the contribution they have” “Info in the de-
tails and risk factors”

The screener agreed with a specific factor
being listed as risk or protective (Details)

8 “The past number of child welfare involvements
(listed in the features listed)”, “The risk factors
involved, especially prior placements, benefits,
and current CPS involvement”

The number of risk or protective factors
aligned with the score (Details)

5 “Very few risk factors”, “The lack of protective
factors”

The score agreed with screener intuition 10 “...not residing with the alleged perpetrators
which I would assume would reduce the risk
score”, “Model prediction makes sense”

The explanation agreed with screener intu-
ition

3 “Risk factors made sense for the model predic-
tion number ”

The screener liked seeing how the score
would vary under different conditions
(Sandbox)

1 “Details under sandbox of why the risk level was
so high”

The screener felt getting an explanation al-
lowed for more understanding in general

6 “Allowed for more understanding”, “History
clarification”

Themes that decreased trust

Category # of
answers Sample answers

A specific, key factor was not considered by
the model

3 “This is a case for law enforcement, not CPS ”,
“...it may have been handled during the open
case”

The importance weighting of factors was off
(Details page)

2 “Young, vulnerable children being left alone is
still cause for concern, despite past involve-
ment”

The score disagreed with screener intuition 3 “Seems high, no health history, no real proof of
any drug use, no proof child is at any risk of
abuse”

The way information was presented was
confusing

2 “There were discrepancies between the info in
the referral and the info provided by the tool ”

The screener wanted more information 2 “I would want to see other referrals for the fam-
ily”
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3.4 Discussion

Here, we describe our key takeaways for usable ML in general from this case study.

3.4.1 Accurate explanations may be more useful than faithful ones

Robnik-Sikonja and Bohanec [38] define the accuracy of an ML explanation as how well it
generalizes to other unseen examples (i.e., how accurately these rules predict what happens
in the real world), and fidelity as how well an explanation describes the ML model itself.

The decision-makers in our case study (child welfare screeners and supervisors) were
mostly interested in getting accurate explanations that provided information about the case
at hand. As evidenced by all three findings about the interface design (Section 3.3.1), screen-
ers wanted to receive information about the ML model in a language and format that mir-
rored their own, not the format used by the model itself. This is also evidenced by design
requests like using the terms risk and protective factors, rather than the more ML-centric
terms negative and positive features.

3.4.2 Interpretable features are essential for understanding

Simple ML model architectures, such as regression, are often cited as being inherently inter-
pretable [39] — in other words, humans are able to understand how they work. However, this
work suggested that even simple ML models may cause confusion in decision-maker groups
such as child welfare screeners, and might lead to challenges when attempting to explain ML
outputs to these groups.

Instead, our work found that, for the purposes of making ML outputs usable for decision-
makers, the interpretability of the factors used (in ML terms, features) may be most impor-
tant. In our study, the child welfare screeners were often confused when explanations used
features that did not have clear implications for risk. For example, in our user study, one
child welfare screener said

“... 2 parents have missing date-of-birth is shown as a significant blue bar which
I can’t imagine is protective.”

Additionally, one-hot-encoded features were not interpretable, and many of the reasons
screeners trusted the model more or less (Table 3.4) related to the specific features.

At the time of this study, the phrase interpretable features still lacked a formal and thor-
ough definition. In our case study, all the features we were working with were interpretable by
the strictest definition — the screeners could understand exactly which real-world concepts
they represented, and their associations with these concepts. This level of interpretability
was not sufficient to prevent confusion.

We determined from this work that the ML literature would benefit from a more precise
definition of interpretable features ; one that factors in the context and audience. In the next
chapter, we discuss our proposed taxonomy for interpretable features to address this issue.
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Table 3.5: Key findings about specific challenges to ML usability that we seek to address in
the rest of this thesis. The chapter column gives the chapter in this thesis where we aim to
address each challenge.

Challenge Example Chapter

Features shown to decision-makers must
be interpretable

Screeners were confused by one-hot encoded
features and features that seemed irrelevant

4, 5

Terms used in ML tools must match the
language decision-makers are used to

Screeners preferred the term "protective/risk
factors" to "positive/negative features"

6

Not all ML augmentations are appropriate
for all applications

Screeners felt that the similar cases page would
lead to biased decision making.

6

ML tools should be appropriate for the
existing decision process.

Screeners wanted a side-by-side view of
protective/risk factors to mimic what they used
normally, and did not want to see more
information than they could parse in their
limited timeframe

6, 8

Evaluations within real or realistic settings
reveal challenges that are not identified
through interviews alone

Only the simulated screening session revealed
certain aspects of how screeners interacted with
factors, such as being confused by
uninterpretable features.

7

3.4.3 The case study highlights several challenges related to sys-
tems for usable ML

Table 3.5 summarizes the key findings related to usable ML revealed by this work. The
rest of the work in this thesis was motivated by these findings. Chapter 4 discusses our
in-depth analysis into the need for interpretable features. Chapter 5 discusses our system for
generating explanations that use such interpretable features. Chapter 6 discusses our system
for more easily adapting ML tools for diverse applications, without requiring customization.
Chapter 7 discusses another investigation into the real-world use of ML tools. Finally,
Chapter 8 seeks to further adapt ML tools to existing workflows through generating natural
language sentences.
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Chapter 4

Interpretable Features

Our experience developing and evaluating ML tools for child welfare screening demonstrated
the importance of interpretable features to usable ML. We investigated several other real-
world applications [40]–[43] that confirmed that ML models are only as interpretable as
their features. ML explanations and other augmentations are generally presented using the
language of the features the model uses; whether through presenting feature importances,
meaningful example inputs, decision boundary visualizations, or other explanation meth-
ods. We conducted a literature review (Section 4.3) that confirmed that the literature has
acknowledged the importance of interpretable features (IFs) and suggested a wide variety
of methods to generate them, but lacks a nuanced and context-aware analysis of what it
means for a feature to be “interpretable” for a given purpose. In particular, we find that an
“interpretable feature” is often defined simply as one that was human-generated or worded
using human-readable language. However, our extensive experience in five diverse applica-
tions have suggested that this definition is incomplete. Indeed, for features to be useful as
part of ML explanations and other augmentations, they may require a variety of properties.

In this chapter, we aim to better define the concept of feature interpretability, focusing
on applications that use tabular data or featurized time series data.

The lack of formal investigation into what makes features interpretable is partly because
literature tends to focus only on a subset of people who use ML tools — mostly ML developers
and ML contributors, who have expertise in ML and data science and are interested in
training, improving, and validating models. For these groups, the goal of using these tools is
to engineer (or discover, such as through deep learning techniques) features that maximize
model performance. In reality, though, many other people also use these tools, or may in
the future.

Bridges, decision-makers, and affected individuals are especially likely to need explana-
tions that use features with a deeper level of interpretability. In this chapter, we discuss our
experiences working with these groups, and the feature interpretability properties that they
find necessary.

Figure 4.1 summarizes the contributions of this chapter, and highlights differences be-
tween the needs of users focused on the model (ML developers, ML contributors, and bridges)
versus users focused on the decision problem (bridges, decision-makers, and affected individ-
uals).
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Impacted Decision Makers Ethicists Theorists Developers

Users Focused on Decision Problem Users Focused on ModelUsers Focused on Both

Readable Human-Worded

Understandable

Interpretable Feature Space

Trackable Simulatable

Both Feature Spaces

Meaningful Abstract
PredictiveModel-Compatible

Unstandardized Categorical

Semantic Binning Feature Selection

Aggregations Impute Flags One-hot Encoded

Imputed

Standardized

Statistical Binning

Model-Ready Feature Space

Transforms for Interpretability Transforms for Both Transforms for Models

Figure 4.1: Summary of our feature taxonomy. This table shows the different users (top
layer), the feature properties required for their decision processes (middle layer), and the
transforms that yield the required feature properties (bottom layer). The lines between
properties indicate that, for a feature to have the property at the head-end of the arrow, it
must also have the property at the tail-end of the arrow. An example of a path through
this figure: Decision-makers usually require the interpretable feature space, which is charac-
terized by features that are understandable, human-worded, and readable. To achieve these
characteristics, model explanations should rely on transform states such as unstandardized,
categorical, and semantic binning, and should avoid model-ready transformations such as
unflagged imputations or one-hot encoding

4.1 Case Studies in ML Applications

In addition to child welfare screening, we investigated a number of other real-world ap-
plications for ML tools in order to better understand the importance and challenges of
interpretable features. We will introduce them below. For each application, we worked with
decision-makers (who did not have ML experience) who were using ML outputs and ML tools
to help with their decision-making. In all cases, we found that a major roadblock to the
usefulness of ML outputs stemmed from confusion related to the features. We will provide
examples of these roadblocks throughout the paper as we introduce our feature property
taxonomy. These applications are summarized in Table 4.1.

4.1.1 Education: Abstracting Features

In the domain of online education, we worked on feature engineering and ML modeling tasks
using data related to massive open online classes (MOOCs) [43]. This research applies to a
diverse set of people, including ML developers working on MOOC analysis systems, course
developers looking to learn about and improve online course quality (decision-makers), and
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Table 4.1: Summary of example applications referenced in developing our taxonomy for
interpretable features.

Domain Stakeholder Type Description

Child Welfare Screening
[12]

Decision-makers:
Social workers screening cases

Bridges:
Social scientists reviewing the

model

Collaborated with child welfare screeners to
develop an ML tool. The tool provides de-
tailed insights about feature contributions
and distributions.

Education [43] Decision-makers:
Instructors conducting courses
Instructors designing courses

ML Developers:
Developers working on analysis

systems

Ran a series of different experiments involv-
ing feature engineering and analyzing out-
comes from MOOCs

Cybersecurity [40] Decision-makers:
Domain experts monitoring for

attacks

Developed, evaluated, and deployed ma-
chine learning for cybersecurity. Extended
the detection capability of security opera-
tions centers with machine learning models
trained to identify attacks in log data.

Electronic Health Records
[41]

Decision-makers:
Doctors conducting surgery

Collaborated with doctors to develop an
ML tool to explain predictions on EHR
data. The tool displays feature contribu-
tions, and shows the original raw signal
data that features are generated from.

Satellite Monitoring [42] Decision-makers:
Domain experts monitoring

signals

Collaborated with satellite experts to de-
velop an ML tool to visualize ML-predicted
anomalies in satellite signal data.

instructors who want to better understand their students (decision-makers). Goals for ML
in this application include classifying student engagement level and type, and identifying
course resource usage. The features used include data such as problem set grades, number
of hours of course video watched, or number of discussion posts written.

We worked through the process of engineering MOOC features to better inform users
about students and courses. Our experiences, and the literature on this topic, have shown
that the most useful features take the form of abstract concepts that have meaning to the
decision-makers (such as summarizing features relating to completing work and interacting
with course materials into a feature called participation). We also found it important to
ensure that decision-makers fully understand the source of these concepts.

4.1.2 Cybersecurity: Tracking Features

Our next application is in the domain of cybersecurity — specifically, the detection of Do-
main Generation Algorithms (DGAs) [40], a well-documented command and control mech-
anism [44]. However, the lessons learned are applicable to a wide range of threat detection
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use cases. DGAs are designed by attackers to generate dynamic domains that are then
used as meeting points for compromised machines and remote attackers. The key idea is
that the remote attacker and the compromised machine share the generation logic, and will
therefore generate the same set of domains, each on its own side. The remote attacker then
registers one of the many domains generated by the algorithm, while the malware in the
compromised machines attempts to connect to each and every one of the generated domains
until a communication channel is established with the remote attacker [40]. In this case, our
decision-makers were security analysts, and the decision problem was how to respond to a
potential attack. The ML model was trained to detect and flag potential DGA attacks based
on aggregated information (features) about the activity of internal IPs captured in DNS logs
(such as the number of failed DNS requests, or the randomness of queried domains).

We found that the raw data — in this case, the relevant sections of DNS logs — was more
useful to the decision-makers than the generated features, as the logs held more familiar and
actionable information. For example, the security analysts need to investigate the specific
domains queried by a suspected IP to determine the presence or absence of a DGA. In this
case, the challenge for ML explainability was how to select these relevant logs, in order to
accurately track feature values back to the raw data they were generated from.

4.1.3 Healthcare: Disaggregating Features

In our healthcare application, we built ML models using Electronic Health Record (EHR)
data to improve the quality of clinical care [41]. In particular, we worked closely with six
clinicians (decision-makers) with an average of 17.5 years of medical work experience. Their
decision problem was predicting complications after cardiac surgery. The clinicians were
interested in using ML models to predict the chance of a patient developing five types of
complications (lung, cardiac, arrhythmia, infectious, and others) after surgery. To this end,
we extracted various types of ML features from the medical records of target patients, mainly
including three types of static features (demographics, surgery information, and diagnosis
results) and three types of time-varying features (lab tests, routine vital signs, and surgery
vital signs). We then built five individual binary classifiers, with each predicting one of the
five complication types.

We adopted SHAP [16] to calculate the feature contributions. As in the cybersecurity
application, we found that features engineered through aggregations on the raw data are
not as interpretable as the original raw signals. Offering a way for clinicians to see and get
explanations on the raw signals was required.

4.1.4 Satellite Monitoring: Marking Real Features

In the domain of satellite monitoring, we developed a ML tool to visualize the results of
time-series anomaly detection models [42]. While this application used only time-series data,
rather than tabular data, we learned lessons about tracking imputations that extend to the
tabular use case. The ML tool allowed domain experts to analyze and discuss the relevance
and validity of anomalies predicted by the ML model. We actively collaborated with members
of our intended decision-maker group — six satellite monitors. The ML model we employed
for the ML tool makes use of time-series sensor data to detect anomalous periods.
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We developed the ML tool with active feedback from our decision-makers. We then ran
two user studies to evaluate the ML tool, first with the six satellite monitors, and then with
a group of 25 members of the general public, using stock price data. This process revealed
feature-relevant considerations – such as the need to clarify which feature values were the
result of an imputation process, and therefore not real values.

4.2 Key Lessons

From our experiences in the domains described above, we have found three key lessons:

Lesson 1: We Need an Interpretable Feature Space. More focus is needed on
what we refer to as the interpretable feature space. The term feature space refers to data
in a specific format. The interpretable feature space, then, is this data transformed to a
human-understandable format that enables usable ML. Much attention in the literature has
been given to collecting, selecting, and engineering features [45], [46], usually with the goal
of maximizing model test-set and real-world performance. The result is a heavy focus on
the transformations that convert from the original feature space to the model-ready feature
space. However, when an ML model needs to interface with decision-makers who lack ML
expertise, the interpretable feature space may be needed. This feature space is engineered
to directly represent concepts related to the decision problem and human cognition, rather
than ML and statistical concepts. More work is needed on how to define, generate, and
evaluate this feature space; this chapter focuses on defining the space.

Lesson 2: Features Require Certain Properties in Order to Be Interpretable.
What properties are required for features to be interpretable heavily depends on audience
and application. As suggested in Lesson 1, if the goal is only to maximize ML model per-
formance, important properties may include that features are in a model-compatible format
and are statistically correlated with the target variable. However, if the goal is provide useful
explanations to decision-makers, features that understandably relate to real-world applica-
tion and abstract concepts may be better. We propose a formal taxonomy of these feature
properties in Section 4.4.

Lesson 3: We Need to Transform the Other Way. Feature properties are achieved
through a combination of feature selection and engineering. Transforms that prepare data to
be input to an ML model may increase or decrease feature interpretability; in the latter case,
these transforms (which we dub model-ready transforms) may need to be undone when used
in ML explanations and other augmentations. In addition, transforms that are not useful for
getting outputs from the ML model, but do improve feature interpretability, can make ML
tools more usable. However, many ML libraries do not include functionality for transforms
that improve interpretability or undo model-ready transforms. Section 4.5 provides a partial
list of such transforms.
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4.3 Formal Literature Review

Table 4.2: Summarized results of the methodological literature review on interpretable fea-
tures. Papers were counted towards a category if it was explicitly referred to in the text.

Comments on Feature Interpretability Number of
Papers

Sample Papers

No Elaboration: Mentions interpretable features without
any elaboration or citations regarding meaning or purpose

47 ---

Generating IFs: Proposes an ML architecture or feature
engineering/selection approach that results in interpretable
features

49 [47] [48]

Importance of IFs: Discusses or claims the general im-
portance of interpretable features

47 [20] [49] [10]

Defines IFs: Provides some context-specific or general def-
inition or metric for interpretable features.

30 [50] [51] [52]

Interpreting Features: Proposes an algorithm for inter-
preting the meaning of latent neural network features

23 [53] [54] [55]

Relies on IFs: States that the methods in the paper rely
on interpretable features to be effective

18 [56] [57]

Falls short of IFs: Explicitly states that the methods in
the paper did not achieve interpretable features

5 [58] [59] [60]

Concerns about IFs: Describes potential drawbacks of
interpretable features

2 [61] [62]

To further understand existing perspectives on interpretable features in the literature,
we conducted a methodological literature review. We reviewed papers from 19 top confer-
ences and journals in the fields of machine learning, human-computer interaction, computer
vision, and data visualization. Within each of these venues, we searched for papers that in-
cluded (in title or text body) the keywords “machine learning” or “ML”, as well as the phrase
“interpretable feature(s)” or any of its semantic equivalents (readable/understandable/ex-
plainable feature(s), interpretability of (the) feature(s)). We limited our search to papers
that were published during or after 2015, as this can be considered the start of the newest
wave of interest in explaining black-box ML [63]. In total, our literature review included 106
papers.1

For each paper, we noted the domain, the data type, and the goal of the paper, as well
as the reason for mentioning interpretable features, which we then codified into 8 categories,
seen in Table 4.2. We also took note of the papers that provided any kind of definition,
either general or context-specific, for the concept of “interpretable features” (hereafter IFs).

1For comparison, we ran a larger search using the same procedure for all papers published in the same
years and venues described above that mentioned “machine learning” or “ML” and the word “features” in any
context. This search revealed a total of 13,104 papers that talked about features and ML.
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Our findings from this literature review can be summarized as follows.

Attention is given to the importance of IFs. The need for IFs is well documented in
the literature. 47 papers mentioned the importance of IFs, either in general or to the methods
proposed in the paper. 49 papers claimed to generate interpretable features through their
proposed methods, though only 18 offered any kind of concrete definition of an interpretable
feature. Additionally, five papers explicitly stated that their algorithm or model generated
uninterpretable features.

Little work on IFs addresses tabular data. Of the 106 papers in our literature
review, 47 mentioned interpretable features only briefly, with no further elaboration as to
how or why interpretable features were chosen or used. 80 focused on image, text, or time
series data, and/or discussed interpretable features in the context of interpreting the latent
features discovered by neural networks. 26 papers provided concrete insights on interpretable
input features for tabular or arbitrary data types.

There is a lack of concrete definitions for IFs. Just 30 out of 106 papers offered at
least a brief general or context-specific definition or quantification method for interpretable
features. Of these, seven defined interpretable features as being those selected or engineered
by humans, or similar to those selected by humans. Four defined interpretable features by
contrasting them to the uninterpretable latent features used by neural networks or PCA.
Four papers considered features to be more interpretable when they were related to abstract
concepts. Only one paper [64] directly quantified the interpretability of features through a
user study.

From our formal literature review, we conclude that despite widespread agreement that
interpretable features are important for various reasons2, there is little work formalizing what
makes a feature interpretable, and almost no work quantifying the interpretability of features.
Most of the concrete work on interpretable features has focused on complex data domains
such as image and text, and aims to add interpretability to deep neural networks. Based on
our experiences in the five domains described in our introduction, we claim that a deeper,
human-centered understanding of interpretable features for tabular features is necessary.

We have also found that the term interpretable feature does not have a clearly agreed-
upon meaning, but usually refers to features that are human-generated or can be understood
by humans at a surface level (i.e., humans can understand what a feature refers to). In this
paper, we seek to go beyond the term interpretable to introduce a complete, descriptive
taxonomy of feature properties.

4.4 Taxonomy of Machine Learning Features

In this section, we formalize and build on the current literature on ML features to develop
a thorough and nuanced taxonomy of feature properties. Through this process, we aim to

2It is worth noting that two papers in our literature review did find that in contexts where privacy is
important, uninterpretable features may be preferable - see the last row of Table 4.2.
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Table 4.3: Summary of the properties including in our formal feature taxonomy. For the ex-
amples, we use the following hypothetical scenario: a regression model trained on normalized
data to predict the maximum speed of the car. Quality is a composite feature computed
based on other features, and x12 is an arbitrary predictive engineered feature.

Quality

(numeric)

Horsepower

(numeric)

Color

(categorical)

Norm. Horsepower

(numeric)

Color is blue

(Boolean)

x12

(numeric)

Readable ✓ ✓ ✓ ✓

Human-Worded ✓ ✓ ✓

Understandable ✓ ✓ ✓

Meaningful ✓ ✓ ✓

Abstract Concept ✓

Predictive ✓ ✓ ✓ ✓

Model-Compatible ✓ ✓ ✓ ✓

Model-Ready ✓ ✓ ✓

develop guidelines that ML developers can reference when selecting, engineering, and pre-
senting ML features for specific applications. We motivate our proposed taxonomy through
experiences with the real-world applications discussed above, and our findings from our for-
mal literature review. Table 4.3 summarizes our taxonomy, and provides examples from a
hypothetical application of predicting the maximum speed of a car.

We do not claim this to be an exhaustive list of feature properties — we have selected
a set based directly on lessons learned while working on the five described applications.
For example, we do not include properties such as causal, actionable, inherent [65], or ex-
trinsic features [65]. While such properties are essential to understand for developing ML
augmentations and ML tools, they warrant a separate discussion.

Users across different applications will expect to see features with different feature prop-
erties. Of particular importance is whether the objective of these users is to understand
the ML model itself or to use the model to better understand the context of the decision
problem. Therefore, we split our discussion of properties into three sections, one for each of
these user groups (model-focused and decision problem-focused) and one for properties that
apply to both groups.

4.4.1 Model-Focused Users: The Model-Ready Feature Space

In this section, we list properties that ML models require from features. These therefore are
the properties that people interested in the ML model (ML developers, ML contributors,
and some bridges) will expect to see in features presented in ML augmentations. These are
the defining properties of what we call the model-ready feature space.
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• Predictive features correlate with the prediction target, or ML output value. Features
that are not predictive are not expected to improve a model’s performance. Feature
selection and engineering methodologies aim to produce a set of predictive features.

Features may be predictive via a directly causal link — for example, referencing Figure
4.3, it is likely that horsepower is a predictive feature when predicting the maximum
speed of a car. Predictiveness may also result from indirect correlations; for example,
we assume car color is not predictive for maximum speed, but it could be if, for whatever
reason, faster cars come in similar colors.

• Model-Compatible features are in formats that are supported by the model’s ar-
chitecture. Put another way, model-compatible features can be fed into the model
to get an output without causing errors. For example, many models, such as linear
regression, cannot accept categorical features by default — these features must be
one-hot-encoded or converted to numerical codes. Additionally, many models cannot
handle missing data, so imputation is required.

• Model-Ready features are in the final format expected by the model, as used during
model training and intended by model developers. This includes both compatibility and
performance-based feature engineering. Model-ready features are always model-com-
patible. Put another way, model-ready features can be put into the model without error
and will result in the most accurate prediction possible for the model. This category
will include the required transforms for model-compatibility, as well as transforms
such as standardization or normalization. Many of these transformations will reduce
the interpretability of features while improving the performance of the model.

4.4.2 Decision Problem-Focused Users: The Interpretable Feature
Space

In this section, we list properties that users who are focused on the real-world decision
problem (decision-makers, bridges, and affected individuals) expect to see in features. These
are the defining properties of what we call the interpretable feature space.

• Readable features are written in language that allows users to understand what is
being referred to, and do not use any codes except those that are readily understood
by the users. Concretely, for a feature to be readable it must take from a common,
known vocabulary. Across the literature, this is generally considered a bare minimum
for interpretability. Examples of unreadable features include those using unfamiliar
codes such as x12, unfamiliar acronyms such as M_miss_DOB instead of Mother is
missing date of birth, or features such as those generated by PCA (unless they are
accompanied by an explanation of which input features they came from). Readable
features include natural-language words, phrases, or commonly understood codes (Age)
and straightforward descriptions of feature engineering operations (log(humidity)
[66]).

• Human-worded features are described in the way that is most natural for users.
Human-worded features are always readable.
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As described in the previous chapter, we found this property to be essential in the
child welfare domain. For example, child welfare screeners were confused by the one-
hot encoding language used by the model, so our visualizations displayed categorical
features (gender -> MALE instead of gender is male -> TRUE). The one-hot encoded
versions are readable, in that they do not use unclear codes, but are still not natural and
take additional time to parse. Additionally, child welfare screeners preferred Boolean
features presented as negative and positive statements (the child has no siblings
rather than the child has siblings -> FALSE).

• Understandable features refer to real-world metrics that users can reason about.
The extent to which a feature is understandable will depend on the context and users’
expertise, but generally this category will not include engineered features that are the
results of mathematical operations unless they are commonly referred to concepts. For
example, age is generally understandable, but log(humidity) [66] is generally not.

4.4.3 Feature Properties: All Users

These feature properties are relevant to the ML model’s logic while also potentially improving
interpretability, and therefore may be useful to all types of users.

• Meaningful features are those that users have reason to believe actually correlate
with or are related to the ML output. This property may be essential for usable,
trustworthy ML that does not confuse users. While this property relates closely to
predictive, some features may be predictive as a result of spurious correlations and
therefore may not be meaningful to users. Conversely, some features may seem to
users like they should correlate with the prediction target, but may not actually have
any predictive power. ML models that use only meaningful features may generalize
better [67], so this property may also be of interest to ML developers and other model-
focused users.

As an example, in our case study in child welfare screening, one screener said

“... 2 parents have missing date-of-birth is shown as [significantly decreasing
risk] which I can’t imagine is protective.”

In this case, the Boolean feature parents missing date of birth is understandable,
but still causes confusion because it is unclear how and why this should correlate with
risk.

• Abstract Concepts are features that may not be directly measurable, but are cal-
culated through some combination of the original dataset features. These features
take the form of abstract concepts that are relevant to users. While they can improve
the interpretability of ML models, they may also improve performance. For example,
when evaluating massive open online courses (MOOCs) in the domain of education,
abstract concepts such as participation and achievement [68] are used, which in
turn are hand-crafted from metrics such as hours spent watching videos and homework
attempts (for the former), and test and homework grades (for the latter).
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• Trackable features come with a clear data lineage — they can be associated accurately
with the raw data they were calculated from. For example, in the EHR domain, we
found that features like mean(heart rate) may be more useful if presented alongside
the original time series heart rate data that the mean was calculated from [41]. Simi-
larly, in the cybersecurity domain, information about potential DGA attacks was more
useful when provided along with the relevant DNS logs [40].

Another form of trackability is knowing when a feature value is the result of imputation
(for example, the value represents a mean or synthetic value, rather than an actual
collected data point), and therefore does not link to any real data. This property was
requested by the satellite monitors [42].

• Simulatable features are those where the user has enough information and knowl-
edge to accurately recompute the feature from raw data — or simulate the feature
computation process. Simulatable features are always trackable.

For example, in the MOOC domain, a feature described as test grade over time is
trackable (as it is clearly computed from raw test grades) but not simulatable, as it is
unclear what the exact formula used to calculate this information is. It could refer to
the slope of the trend line of grades, or the difference between the most recent grade
and the average grade.

4.5 Feature Transforms

Having introduced a set of feature properties valued by different user groups, we will now
discuss how to transform data to create features that hold these properties.

Some properties must be considered during the feature selection phase. For example,
predictiveness and meaningfulness are attributes of the feature meaning itself, and can only
be provided by carefully selecting such features. Understandability will also come in part
from careful feature selection.

However, many other properties can be instilled in features through feature engineering
or providing additional information. Readability, trackability, and simulatability can of-
ten be instilled through hand-writing feature definitions or providing relevant visualizations.
Model-compatibility and model-readiness are instilled through traditional feature engineer-
ing. Human-wordedness and to some extent understandability can also be instilled by feature
engineering, though with a different set of transforms than those traditionally used.

In this section, we consider two categories of ML feature transforms. Model-ready trans-
forms, or those that take features from the original feature space to the model-ready feature
space, have received extensive coverage in the literature [45] [46]. In this section, we suggest
a subset of possible interpretable transforms, or those that take features from the original
feature space to the interpretable feature space.

Table 4.4 provides examples of these transforms from the forest covertype dataset [69].
This dataset includes 12 input features and one target variable. Each observation in this
dataset refers to a 30 by 30 meter patch in Roosevelt National Forest, and includes informa-
tion such as elevation, sunlight levels, and soil type. The intended output value is the type
of forest cover in that area.
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4.5.1 Model-ready transforms

Traditionally, most work on feature engineering has focused on the model-ready feature
space. These transforms generally have the purpose of 1) converting the data to a form
that is compatible with the model, such as one-hot encoding categorical data or imputing
missing data; 2) improving performance by factoring in an understanding of the model’s
methodology, such as normalizing features for models that are sensitive to scale or using
dimensionality reduction to avoid overfitting; or 3) improving performance by factoring in
an understanding of the application domain.

Model-ready transforms will often reduce the interpretability of features. For example, in
the child welfare domain, we learned that one-hot encoding reduces the human-wordedness
of features, and binning numeric features may reduce the understandability of features if
the bins are not semantically meaningful [12]. Additionally, in our experience with satellite
signal monitoring, we found that imputing data can reduce trackability if users do not know
which data is real.

4.5.2 Interpretable transforms

Some model-ready transforms may naturally lead to interpretable features, especially those
that factor in domain knowledge to improve model performance. Other times, feature in-
terpretability is improved by either undoing model-ready transforms or introducing new
transforms.

Here, we introduce transforms that may improve feature interpretability, along with
examples from our own experiences with real-world applications.

• Converting to Categorical. One-hot encoded features are not human-worded. For
example, gender is female –- TRUE should be replaced with gender –- FEMALE.
This transform becomes especially important as the cardinality of the categorical fea-
ture increases.

• Semantic Binning. Binning numeric features based on meaningful, real-world dis-
tinctions can improve both model interpretability and performance. For example, in
the child welfare domain, users frequently referenced and relied on age categories, which
were binned based on child development stages (infant, toddler, teenager, etc.).

This kind of binning is often more interpretable than binning based on statistical
metrics (such as ensuring equal bin widths or sizes), as is often done to improve model
performance. In the forest covertype example in Table 4.4, consider the difference
between binning elevation based on ecologically significant elevation zones such as
foothills vs alpine, compared to generating bins of equal widths, resulting in bins
such as 2525m - 3192m.

• Flagged Imputations. Explanations that display imputed (synthetic) data can con-
fuse users. In our experience with satellite monitoring, the raw data signals included
missing data that was then imputed. When our visualizations did not distinguish
between real data and imputed data, users were confused.
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• Aggregated Numeric Features. Numeric features may be more interpretable in
an aggregated format, especially when the model takes several very closely related
metrics. In the forest covertype example, we combine the horizontal and vertical
distance metrics to get total distance to hydrology. In the child welfare example, the
overload of data that screeners experienced could be remedied in part by summing
together measures, such as physical, sexual, and emotional abuse referrals, into a total
referral count metric.

• Categorical Feature Granularity. Categorical features can often be represented
with varying levels of granularity, through hierarchical relationships with other features.
Both model performance and model interpretability can be improved by selecting the
right granularity for a given domain. In our forest covertype example, all soil types
present in the dataset belong to exactly one of eight geologic soil zones. Therefore, we
could either present the individual soil type or the soil zone, depending on which is
more useful to users.

• Combining into Abstract Concepts. An extension of the previous two transforms:
abstract concepts that have been carefully crafted from data using an understanding
of the application domain can be much faster and easier to parse than simply in-
cluding large numbers of individual features. This is generally done by combining a
set of features with a hand-crafted formula. In our forest covertype example, an ab-
stract, human-intuitive feature may be light level, computed by aggregating the
three hillshade features that quantify the illumination of a point at different times
of day.

• Reversing Scaling. Standardized or normalized features are almost never inter-
pretable. Features should be displayed in an unstandardized format in explanations,
unless the relative position of a value is meaningful.

• Reversing Feature Engineering. Some transforms that have been done to improve
model performance may need to be undone to improve interpretability. For example,
a feature represented by sqrt(value) may need to be squared to get value.

• Connecting to Raw Data. Sometimes, raw data (for example, the original sig-
nal data) is more meaningful to users than engineered features. For example, in
the EHR domain, the patient pulse signal itself is often more useful than the fea-
ture MEAN(pulse). Therefore, explanations may be more useful if they display the
signal itself, linked to the model features. This transform is an extension of revers-
ing feature engineering, by explicitly displaying how the engineered feature has been
calculated from raw data.
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4.6 Discussion

4.6.1 Using feature properties

We will now revisit a few of the applications introduced in Section 4.1, to give concrete
examples of how the proposed taxonomy in this paper could be used to improve the usable
of ML tools.

In the child welfare screening application, we identified — through interviews and field
observations — that the decision-makers were child welfare screeners who were not expected
to have any prior understanding of data science or ML. Their primary interest was in the
screening decision problem, and they wanted explanations of ML outputs to aid with this
task. They trust their existing decision process, and mainly want a ML tool that highlights
pertinent information they may have missed. For these reasons, child welfare screening re-
quires features that are meaningful, understandable, and human-worded. We can achieve
these properties in part through feature selection and semantic binning, while ensuring fea-
tures we present are categorical and unstandardized.

In the electronic health record application, we identified that our decision-makers were
doctors looking to improve outcomes during surgery. They were used to making decisions
with full access to patient data – in particular time series for metrics such as vital signs.
Therefore, features needed to be simulatable, which is provided by connecting the features
to data and including impute flags.

Similar to these two examples, we encourage ML developers developing ML tools for real-
world applications to collaborate with decision-makers and/or bridges to understand which
feature properties will be necessary for usability.

4.6.2 Risks

While interpretable features may be necessary to make a ML tool useful, there are always
risks involved in transforming features to the interpretable feature space. Providing expla-
nations and other augmentations using anything other than the model-ready feature space
risks lowering the fidelity of the explanations. Some of the transformations also have the
potential to greatly bias the explanations – a fact that could be used maliciously. For in-
stance, selecting formulas to generate abstract concepts and binning numerical data can hide
certain patterns that are being used by the model. Consider the example of an ML model
that outputs crime recidivism predictions and includes information about race, among other
factors. A developer with bad intentions could maliciously tie the race feature into a broader
concept called socioeconomic factors that hides the fact that race is being used by the
model in an unfair way.

Additionally, forcing features to be more interpretable may reduce model performance.
In particular, limiting a feature set to only those features seen as meaningful to humans will
prevent the model from discovering potentially unknown or unexpected patterns in the data.
Some of these patterns may relate to real-world correlations or causal paths that would
have been very valuable to increasing knowledge in that domain. It is essential for ML
developers to understand the trade-offs between different feature spaces, and make context-
aware decisions when selecting features.
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Finally, as noted by two papers from our literature review [61] [62], using interpretable
features may reduce data privacy in cases where the features describe sensitive information.
In such cases, it may be necessary to avoid interpretable properties such as readability in
the interest of preserving privacy.

4.6.3 Shortcomings from existing systems

As we found in our literature review, although many sources discuss the importance of
interpretable features, developing ML tools that use interpretable features requires significant
effort. The primary challenge is that many types of powerful ML models require some model-
ready transformations in order to perform well. Many ML model architectures cannot take
in categorical data, or are not robust to features that exist on different numeric scales.

On top of this, as we discuss in further detail in the next chapter, many algorithms
for generating ML explanations and other augmentations present data in the format used
by the model. While many libraries that implement data transformers, such as sklearn,
include functionality for "undoing" transformations on data, similar systems do not exist
for transforming these other augmentations. Therefore, there is currently a performance-
interpretability trade-off that must be made when training ML models. In the next chapter,
we introduce our approach to creating explanations and other augmentations in a different
feature space than the one expected by the model, allowing for both high-performing models
and interpretable and usable ML tools.
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Chapter 5

Pyreal: A System for Interpretable
Explanations

As concluded in the previous chapter, current systems for explaining ML models often result
in explanations that are difficult to understand. When ML models use uninterpretable
features, most explainable ML algorithms will produce explanations that use those same
uninterpretable features.

In some cases, retraining an ML model to use only interpretable features may be straight-
forward and even improve performance; however, this is not always possible or practical.
Sometimes using interpretable features will reduce model performance significantly, or the
model cannot be retrained for external reasons such as regulatory requirements or lack of
resources.

It may also be possible to feed an entire ML pipeline (including both transformers and the
ML model) into an explainable ML algorithm, resulting in an explanation that uses the input
features to the pipeline — but many explainable ML algorithms either do not allow this, or
experience increased runtime or decreased accuracy as a result. For example, KernelSHAP
[16] explains a full pipeline including transformers rather than just a model, resuling in
explanations that use untransformed features, but this algorithm can be computationally
expensive and is not able to take advantage of properties of the model architecture itself to
improve runtime and accuracy.

We therefore aim to create a system that can convert existing ML explanations that
use uninterpretable features to equivalents that use interpretable features — what we call
interpretable explanations. Fig. 5.1 shows an example. We posit, and demonstrate through
user studies, that interpretable explanations are preferred and more easily understood by
many users than explanations presented using uninterpretable features.

Creating interpretable explanations requires understanding and working with multiple
feature spaces. As introduced in the previous chapter, a feature space is defined as a set of
features in specific formats that serves a specific purpose. For example, one feature space
may have all categorical features one-hot encoded and all numeric features standardized, and
will therefore be supported by a model that expects numeric inputs with constant mean and
variance.

In this chapter, we introduce Pyreal, a system for generating interpretable explanations
through manipulating feature spaces. Pyreal is built on three key principles:
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longitude (-122.41)

population (1703.0)

latitude (37.73)

ocean_prox_inland (0.00)

median_income (1.23)

average_rooms (5.14)

ocean_prox_nearbay (1.00)

Feature Contributions (Default)

(a)

Ocean proximity (near bay)

Neighborhood (San Bruno)

Population (1,703)

Median income ($34,231.00)

Average rooms per house (5.14)

Feature Contributions (Interpretable)

(b)

Figure 5.1: To illustrate the benefits of interpretable explanations, consider this hypothetical:
A real estate agent is helping their client put in a winning offer for a house using an ML
model trained to predict the median price of houses on a block. To better understand the
contributing factors, the agent looks at the explanation shown in (a), a feature contribution
explanation. They struggle to make sense of what they see there: for instance, how latitude
(-122.41) contributes negatively, or longitude (37.73) contributes positively. Additionally,
what do ocean_prox_inland (0.00) and ocean_prox_nearbay (1.00) mean, and how can
a median income be 1.23? Now, imagine the same agent looking at the same ML model
prediction via the explanation shown in (b). The agent now understands that the block is
near the bay and in San Bruno, and its location has contributed to a higher price. Meanwhile,
the median income for the block is now a meaningful $34,231.

• We update the existing concept of transformers1. Our new transformers have two new
key methods, alongside the traditional fit and transform. These methods transform
explanations of diverse types between the input and output feature space of the trans-
former. As part of this contribution, we also add additional transformers with the
primary objective of increasing interpretability.

• We introduce the concept of flagging transformers with whether they increase or de-
crease interpretability, as different users find different features interpretable.

• We develop and implement an algorithm that uses these new transformers to generate
interpretable explanations.

We begin by introducing our proposed updates to traditional transformers. We then
define the four feature spaces used by our transformers. Next, we describe our algorithm for
interpretable explanations, built on these transformers. We then touch on Pyreal’s high-level
API. Finally, we evaluate Pyreal’s usefulness, usability, and runtime performance.

Our examples in this chapter use the California Housing Dataset [70]. This dataset
has nine features, with each row describing a block of houses in California. Our model
predicts the median price of housing for each block.

1In this chapter the transformers we refer to are those that transform data between feature spaces, rather
than transformer architectures such as those used by LLMs
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Table 5.1: Summary of properties of Pyreal transformers

Pyreal Transformer Architecture

ML constructs

Operate between two feature spaces: A and B

Have three methods: data transform, explana-
tion transform, inverse explanation transform

Can be annotated as model-ready, algorithm-
ready, and/or interpretable

5.1 An Updated Transformer

Traditionally in ML, transformers are constructs that take in data in one format A and con-
vert it into a different format B. This action is called a transform method. For example, a
one-hot encoder takes in a categorical feature and returns Boolean features, one per cate-
gory (A: categorical feature, B: one-hot encoded features). Similarly, a standard scaler takes
in numeric features and returns those numeric features with consistent means and standard
deviations (A: original numeric values. B: numeric values with consistent means/stds). Trans-
formers are included in many ML libraries, such as scikit-learn, and are used in many
ML pipelines. For clarity, in the remainder of this paper we will refer to this traditional
transform method as a data transform method.

We extend traditional transformers. The key architecture aspects of Pyreal transformers
is summarized in Table 5.1.

Pyreal transformers support two additional transform categories: explanation transforms
and inverse explanation transforms.

Explanation transform methods take in explanations in terms of the transformer’s input
space, and return an equivalent explanation in terms of its output space. Inverse explanation
transforms take in explanations in terms of the transformer’s output space, and return an
equivalent explanation in terms of its input space, effectively “undoing” the effects of the
transform.

OFor example, consider the two explanations in Fig. 5.1. Both show feature contribution
explanations for the same ML output. Fig. 5.1a shows the explanation in terms of one-
hot encoded features (ocean_prox_inland, ocean_prox_nearbay), while Fig. 5.1b shows
the equivalent explanation after applying a one-hot encoder’s inverse explanation transform
method, which transforms back to the original categorical feature (Ocean proximity).

Details of how these new transforms work depend on the explanation algorithm. Expla-
nations generated by different explanation algorithms have different theoretical requirements
for transforming — transforming a feature contribution explanation generated by SHAP [16]
is different than transforming a feature contribution explanation generated by LIME [15],
which in turn is different than a counterfactual explanation [18]. Therefore, more formally,
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Table 5.2: Sample data and inverse explanation transforms applied to two categories of
explanations.

Transformer Data Transformation Additive Feature
Contributions (SHAP)

Example-Based
Explanations
(Counterfactuals,
Prototypes, etc.)

One-Hot
Encoder

Transforms categorical features
to set of Boolean features

Sums together contributions of
one-hot encoded features

Decodes one-hot encoded
features back to categorical

Standardizer Standardizes numeric features
to have consistent mean and
variance

No change needed Undoes
normalization/standardization
using saved constants

Feature
Selector

Selects a subset of features to
feed into the model

Sets contribution/importance
score to 0

Sets unused features to “any”

Numeric
binning

Assigns numeric values to
categorical bins based on values

Takes contribution from bin
corresponding to original value

Leaves as bin (specify
thresholds)

our proposed updated transformer has the following methods:
A data transform method that transforms data in feature space A to equivalent data

in feature space B (as in existing transformers).
An explanation transform method, For every explanation algorithm that works on

data in feature space A, or on data that can be transformed into A, we write an explanation
transform that converts the outputs of this explanation algorithm from feature space A to
feature space B.

An inverse explanation method. For every explanation algorithm that works on data
in feature space B or data that can be transformed to B, we write an inverse explanation
transform that converts the outputs of this explanation algorithm from feature space B to
feature space A.

The motivation behind adding both forward and inverse explanation transforms will be
discussed in Section 5.3.

Note that transforms on explanations are not always theoretically possible, and often
an explanation looks the same in multiple feature spaces. Our system is robust to these
common scenarios, as explained in Section 5.3.

Table 5.2 shows examples of inverse explanation transforms methods for some common
transformers on two common explanation types.

5.1.1 Transforming for Interpretability

In addition to updating existing transformers to improve explanation transformers, we de-
veloped additional transformers that have the primary goal of making data and explanations
more interpretable.

A few examples of such transformers include:

1. A transformer that takes features in data or explanations that are already one-
hot encoded and “decodes” them back into a categorical feature (color_red: True,
color_blue: False to Red).
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2. A transformer that converts RGB or HEX color codes to semantic color names or color
swatches (#E1144D to Crimson or ).

3. A transformer that converts latitude and longitude coordinates to meaningful city,
neighborhood, or place names (42.37 N, 71.11 W to Cambridge, MA).

4. A transformer that converts any kind of data or explanations into natural lan-
guage descriptions, for example using a Large Language Model (LLM) (color: red,
contribution: -12 to The model’s prediction is reduced by 12 because of
the object’s red color).

We note that these transformers are not inherently different from the transformers stan-
dard to existing ML systems — they have all the same functionality, and can be used in the
same way.

As described in detail in Chapter 4, “interpretable” is a subjective term. Therefore, it
is not enough to give our new transformers built-in labels as to whether their input feature
space A is more interpretable than their output feature space B or vice-versa. Also, the
addition of new transformers that are added only for interpretability — and potentially not
supported by ML models and other algorithms — adds additional complexity. Therefore,
users need an easy to way define their feature spaces and purposes of transformers. In the
next section, we introduce this process.

5.2 Defining Feature Spaces

There are four types of feature spaces that must be considered when developing interpretable
explanations using the Pyreal algorithm:

• Original Feature Space. The format in which the features are passed into Pyreal,
at the first stage of featurization from raw data.

• Model-Ready Feature Space. The format that the model expects features to take,
in order to take them in and produce outputs. This is the feature space usually required
by classic algorithms that create ML models. For many models, this feature space
requires all features be numeric, with no missing data, and possibly with standardized
or otherwise scaled values.

• Algorithm-Ready Feature Space. This is the format that various algorithms that
produce explanations or other ML augmentations expect features to take. Differerent
algorithms require different feature spaces, though most of the explanation algorithms
we work with expect the same feature space as the ML model they seek to explain.

• Interpretable Feature Space. The format of features that is most interpretable
for users, as described in depth in the previous chapter. Note that this is an espe-
cially subjective feature space — different groups of individuals will have very different
expectations of what is interpretable to them; therefore, as described later in this sec-
tion, Pyreal allows users to easily flag which transformers increase the interpretability
of features.
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To better explain how these feature spaces work in practice, consider the example of
features that convey information about the location of a block of houses, such as in the
California Housing Dataset. Also, consider the common situation of an ML model that
requires all features be passed to it in a numeric format, and an explanation algorithm
that determines feature importance through permuting feature values (such as permutation
feature importance [17]). These location features may take the following formats in each of
the feature spaces:

• Original: Numeric latitude and longitude features
lat = 37.7, long = -122.5

• Model-ready: Boolean one-hot encoded neighborhood
neighborhood_is_oceanview = True

• Algorithm-ready: Categorical neighborhood feature
neighborhood = Oceanview

• Interpretable: Categorical neighborhood with city label
neighborhood = Oceanview (San Francisco)

Note that the algorithm feature space is categorical, as permuting one-hot encoded fea-
tures may result in impossible rows of data where multiple or zero one-hot encoded columns
are set to True. The model feature space could be latitude/longitude values or one-hot-
encoded neighborhood values, depending on which improves model performance more.

Pyreal users can easily identify which transformers are required for the model or for
interpretability through the model and interpret transformer flags, each set to True or
False for every transformer. Combining the model flag with the known parameters of each
explanation algorithm allows Pyreal to deduce whether each transformer is required for any
particular algorithm (for example, permutation-based explanation algorithms know to avoid
one-hot encoding data before permuting); Pyreal therefore automatically sets another flag,
the algorithm flag, for any particular explanation algorithm.

5.3 The Interpretable Explanation Algorithm

Now that we have introduced our new transformers, we can use them to generate inter-
pretable explanations. A few technical details add complexity to this process:

1. Not all transforms will be possible on explanations generated by all explanation algo-
rithms.

2. Local explanations have two components: the explanation, and the values of the input
data (see Figure 5.1, where the explanation is shown in bars and the input values are
shown in parenthesis). These two components must be shown using the exact same set
of features, even when one or more explanation transforms are not possible.
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Figure 5.2: The interpretable explanation algorithm.

3. Some explanation algorithms expect a different feature space than the model expects
(ie., as explained in the previous chapter, the algorithm and model feature spaces may
be different).

We developed a algorithm for interpretable explanations that addresses the challenges
posed by these technical details. This algorithm may involve both training and input data.
Training data is the labeled dataset used to train the ML model that may be needed by
some explainable ML algorithms. Input data is the new data for which the model generates
outputs that we wish to explain2.

Here, we provide a simple summary of our algorithm (visualized in Figure 5.2), which we
will then walk through more formally.

1 First, the training and input data is prepared for the explanation algorithm
by running the data transform methods of the appropriate transformers.

2 Then, the explanation algorithm is run on the input and training data.
Many algorithms require running the model to get ML outputs, possibly on perturbed
versions of the training or input data. In this case, some additional transformers’ data-
transform methods are run. The result is an explanation in the explanation-algorithm
feature space.

3 Next, any transforms that make the data and explanation less interpretable
are “undone” on the explanation, to the extent possible. This is done by
running the inverse explanation transform methods of the appropriate transformers,
up until the point where one of these transforms is impossible. At this point, the input
data is transformed with any transforms that could not be undone, to ensure the data
and explanation are in the same feature space.

4 Any additional transforms that improve interpretability, but were not used
by the explanation algorithm, are applied to the explanation by running the
explanation transform method of the appropriate transformers up until the point where
the explanation transform becomes impossible.

2We describe the algorithm for local explanations that include both input and training data; for global
explanations, only the training data is used
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Algorithm 1 Feature Space Transformation and Explanation Algorithm
Require: Original data X

Require: List of Transformers T with model, algorithm, and interpret flags

Require: Model to explain M
1: procedure Data Transform(X, flags)
2: X ′ ← copy of X
3: for t in T if t has flags do
4: X ′ ← t.data_transform(X ′)
5: return X ′

6: procedure Model Predict(XA)
7: XM ← Data Transform(X_A, flags: [model=True, algorithm=False])
8: return M .predict(XM)
9: ▷ Step 1 . Transform data for explanation algorithm ◁

10: XA ← Data Transform(X_A, flags: [algorithm=True])
11: ▷ Step 2 . Run the explanation algorithm, possibly using Model Predict ◁
12: EA ← produce_explanation(XA)
13: ▷ Step 3 . Inverse explanation transforms ◁
14: EORIG ← copy EA

15: for REVERSE(t in T if t.algorithm is True and t.interpret is False) do
16: EORIG ← t.inverse_explanation_transform(EORIG)
17: ▷ Step 4 . Transform the explanation to the interpretable space ◁
18: EI ← copy EORIG

19: for t in T if t.algorithm is False and t.interpret is True do
20: EI ← t.explanation_transform(EI)
21: ▷ Step 5 .Transform input data to the interpretable space ◁
22: XI ← Data Transform(X, flags: [interpret=True])
23: return EI , XI

5 The input data is transformed to the interpretable feature space. The input
data is transformed with the data transform methods of all transformers that were
also successfully run on the explanation. The final data and explanation are presented
together.

This algorithm is defined more formally in Algorithm 1.

5.3.1 Formal Equation for the Pyreal Algorithm

We now state the Pyreal algorithm for interpretable explanations in an alternative, formal
notation.

As in traditional ML pipelines, let X represent model-ready tabular training data, and
x represent some input data vector to the explanation algorithm. Let D, I, and A represent
the equivalent data in the original, interpretable, and algorithm feature spaces respectively,
for some given explanation algorithm. Let m(X) be an ML model that takes a model-ready
data and returns some output vector y. Therefore:
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m(X)→ y

Let e(A,m, gax) be an explanation algorithm that generates some explanation given a
model, algorithm-ready data, and the method required to transform algorithm-ready data
into model-ready data. Let EA be an explanation presented in the same feature space as
matrix A. Therefore,

e(A,m, gax)→ EA

Definition A.1 [Transform method] A transform method guv(·) converts the data
from the feature space u to the feature space v. Pyreal uses the following transform methods:

gda(D)→ A

gax(A)→ X

gdi(D)→ I

Definition A.2 [Explanation transform method] An explanation transform method
he
uv(·) converts an explanation generated by e from feature space u to feature space v. Pyreal

uses the following explanation transform methods:

he
di(ED)→ EI

Definition A.2 [Inverse explanation transform method] An inverse explanation
transform method h′e

uv(·) converts an explanation generated by e from feature space v to
feature space v. Pyreal uses the following inverse explanation transform methods:

h′e
da(EA)→ ED

Our objective is to get interpretable data and explanations I and EI given the original
data D and a model m. Thus, our formal problem formulation can be written as:

I = gdi(D)

EI = (he
id ◦ h′e

ad ◦ e(gda(D),m, gax))

In the next section, we go through how this algorithm for interpretable explanations is
run through Pyreal’s high-level API.

5.4 RealApps: The Interpretable Explanation Algorithm
Encapsulated

In this section, we introduce the Pyreal objects that run our algorithm to generate inter-
pretable explanations. Pyreal’s high-level API is realized through RealApps — fully encap-
sulated interpretable explanation objects.
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1 from pyreal import visualize
2

3 # Load in premade realapp and data (external functions)
4 app = load_realapp()
5 X_to_explain = load_data_to_be_explained()
6

7 exp1 = app.produce_feature_contributions(X_to_explain)
8 exp2 = app.produce_similar_examples(X_to_explain)
9

10 visualize.feature_bar_plot(exp1)

Figure 5.3: Decision-maker workflow with Pyreal. Decision-makers use RealApp objects to
produce a variety of explanations, each with a single line of code. Figure 5.1b has a sample
output of the final visualize function.

Users looking to use and understand ML models, generally decision-makers and bridges,
use RealApp objects primarily through their produce methods, one of which exists per expla-
nation type (the kind of information offered by the explanation). For example, the produce
feature importance method returns one positive value for each feature, representing that fea-
ture’s overall importance to the ML model, and the produce similar examples method gives a
few examples from the training dataset that are similar to the input data. Produce methods
kick off the full interpretable explanation algorithm introduced in Section 5.3. The Python
code used to generate explanations using RealApp objects in shown in Figure 5.3.

These users do not need to consider the specific explanation algorithm used (ex. SHAP,
LIME, etc.). We chose this design as decision-makers and bridges are more concerned about
what information they want to see rather than the specific algorithmic details used to get
that information, which requires more extensive ML expertise.

RealApps return explanations in data structures that make them easy to access and use.
For example, feature contribution explanations are indexed by input row IDs and include
tables with feature name, value, and contribution columns for each input row of data. These
tables can then be plugged into and visualized with systems such as Pyreal’s visualization
module, Tableau, or our generalizable GUI system (see Chapter 6)

RealApps contain all the components needed to produce interpretable explanations, in-
cluding one or more ML models, transformers with appropriate flags, and training data.
Users with more ML experience, such as ML developers, can set up RealApp objects for use
by decision-makers by passing in all these components, as well as optional configurations
such as a dictionary of readable feature names. Figure 5.4 shows the process of creating a
new RealApp object. Note that transformers can either be selected from Pyreal’s pre-defined
set, or new transformers can be created by extending the base transformer class and defining
their data and explanation transform methods.

5.4.1 Implementation

In this Section, we dive a bit deeper into the specific architecture used by our library imple-
mentation of the Pyreal system.
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1 from pyreal import RealApp
2 from pyreal.transformers import Imputer, OneHotEncoder, NeighborhoodEncoder
3

4 transformers = [Imputer(model=True, interpret=True),
5 OneHotEncoder(columns="ocean_proximity",
6 model=True, interpret=False),
7 LatLongToNeighborhoodEncoder(model=False, interpret=True)]
8

9 # Load in data and model (external functions)
10 data = load_training_data()
11 model = train_model(data, transformers)
12

13 feature_descs = {"med_income": "Median income",
14 "ocean_prox": "Ocean Proximity", ...}
15

16 app = RealApp(model, X_train_orig=data,
17 transformers=transformers,
18 feature_descriptions=feature_descs)

Figure 5.4: ML Developer workflow. Step 1 (lines 5-10): the Pyreal transformers are
initialized and flagged accordingly. In this example, the data is imputed and one-hot-encoded
for the ML model, and the latitude and longitude features are converted to a neighborhood
feature for interpretability. Step 2 (lines 12-13): The ML data and model are prepared as
in traditional ML workflows. Step 3 (lines 15-21): A RealApp object is initialized with
the transformers and a feature description dictionary to improve the readability of feature
names, which can now be used to produce interpretable explanations as in Figure 5.3.

Pyreal’s internal implementation includes three class types: transformers, as previously
introduced; explainers, which run explanation algorithms; and explanation types, which unify
the explanation transform process between explanations with similar properties. Modularity
through these classes enables Pyreal to stay up-to-date with state-of-the-art explanation
algorithms while remaining backward compatible, and prevents the need for major refactors
or code reuse. Currently, we offer a starting set of five explainer families, twelve transformers,
and five families of explanation output types, as summarized in Tables 5.3, 5.4, and 5.5. More
details on the structure of Pyreal can be found in our documentation3.

The Pyreal class structure is summarized in Figure 5.5, and discussed in further detail
through the rest of this section. RealApp and transformer objects were introduced in earlier
sections; we now discuss the remaining two class types.

Explainer objects generate interpretable explanations. They have a fit method that
performs any computation-intensive procedures to prepare for generating explanations and
a produce method that generates an explanation. For local explainers, produce takes in
input data and generates an interpretable explanation for the ML output on that input; for
global explainers, the method takes no required arguments and generates the an explanation
for the ML model’s general logic.

Explainers come in three types. Algorithm explainers implement a specific explanation
3https://dtail.gitbook.io/pyreal
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Table 5.3: List of Pyreal Explainer classes currently supported.

Generic Explainer Algorithm Explainer Functionality

Local Feature Contribution SHAP Feature Contribution Uses SHAP

LIME Feature Contribution Uses LIME

Simple Permutation Permutes feature values

Global Feature Importance SHAP Feature Importance Uses SHAP

Permutation Feature Importance Using permutation feature importance

Decision Tree Surrogate Decision Tree Trains a surrogate decision tree model

Partial Dependence Partial Dependence Generates partial dependence plots

Similar Examples Nearest Neighbors Finds similar examples using NN

Table 5.4: List of Pyreal Transformer classes currently supported.

Category Transformer Functionality

Feature Selection Feature Select Select important features

Column Drop Drop specific columns

Scalers Min-Max Scaler Scale features using min-max normalization

Standard Scaler Scale features using standard scaling

Normalizer Normalize feature values

Imputers Imputer Impute missing values

One-Hot Encoders One-Hot Encoder One-hot encode categorical variables

Mappings One-Hot Encoder Encode using specific mappings

Type Casters Bool to Int Cast boolean to integer

Interpretability Lat/Long to Place Convert lat/long coordinates to place names

Mappings One-Hot Decoder Decode one-hot encoded variables

Narrative Convert to natural-language using LLM
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Table 5.5: List of Pyreal Explanation Types currently supported.

Category Class Name Functionality

Feature-Based Feature Importance Global feature importance scores

Additive Feature Importance Feature importance scores that can be
meaningfully added together

Feature Contribution Local feature contribution scores

Additive Feature Contribution Feature contribution scores that can be
meaningfully added together

Feature-Value-Based Partial Dependence Partial dependence plots

Decision Tree Decision Tree Decision tree surrogates of models

Example-Based Similar Examples Similar examples

Counterfactuals Counterfactual explanations

Prototypical Prototypical examples

algorithm to generate explanations. Generic explainers generate explanations of a broader
type, selecting the algorithm to use based on the current state-of-the-art. Base explain-
ers are abstract classes that handle overhead code that is shared by all explainers that
generate explanations of a common type. For example, the FeatureImportance generic ex-
plainer class extends the abstract FeatureImportanceBase base explainer class and wraps
a ShapFeatureImportance or PermutationFeatureImportance algorithm explainer (which
implement the SHAP [16] or Permutation Feature Importance [71] algorithms). All base
explainers extend the BaseExplainer parent class, which contains all general-use explainer
functionality such as transforming data between feature spaces, running the ML model, and
formatting data.

This structure offers two benefits. First, Pyreal abstracts out the choice of specific expla-
nation algorithms in favor of a focus on outputs. Second, adding new explanation algorithms
requires minimal effort and new code, because as much shared code as possible is handled
by parent classes.

Explanation types unify outputs from explainers that represent similar kinds of infor-
mation. The other components of Pyreal, such as transformers and visualization functions,
use these objects for abstracted implementations. This unification reduces the number of
times contributors have to write new functionality such as [inverse] explanation transform
methods.

Explanation types are hierarchical. For example, local feature contributions and global
feature importance are both subtypes of the feature-based explanation type which encap-
sulates any explanation that gives importance scores to features. Additive local feature
contributions or global feature importance further extend these types with the additional
property of being able to have their importance scores added together meaningfully. Coun-
terfactuals [18] and similar examples are both subtypes of the example-based explanation
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transform_data()
transform_explanation()
inverse_transform_explanation()
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produce_feature_contributions()
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Base Explainer
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validate()
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Figure 5.5: Pyreal class structure. Italics refers to abstract classes or methods. The work-
flow of interactions between these classes is as follows: RealApps contain all the necessary
explainers and transformers for the interpretable explanation pipeline. Explainers use trans-
formers to transform input and training data to the feature space they require — to avoid
code reuse, this process is handled by parent base explainer classes — and then run explana-
tion algorithms on this data. They return the explanation using the appropriate explanation
type class from the type heirarchy. The explainer then uses the same transformers on this
explanation type object to transform it to the interpretable feature space.

type that explains model predictions with illustrative examples.
The hierarchical structure of explanation types allows functionality to be reused. For

instance, for any example-based explanation, the explanation is a valid row of input data to
the model, so the transform-explanation method is the same as the data-transform method
Or, for any feature-based explanation that gives importance scores to features, the same
bar-plotting functionality can be used.

Having introduced our Pyreal library implementation, we now turn to our evaluations of
this library, as well as the explanations it produces.

5.5 Evaluation

We evaluated Pyreal on several axes: the interpretability of its explanations, the ease-of-use
of the its API, its runtime performance, and its real-world usefulness through a series of user
studies, experiments, and case studies.

Throughout our evaluations, we used ML models trained on three datasets: the California
Housing dataset which includes 9 features about blocks of houses as introduced earlier in
this chapter; the Ames Housing dataset [72] which is a more complex housing-price dataset
with 79 input features as introduced earlier in this thesis; and the Student Performance
Dataset [73], which has 30 features, with each row describing a student and a target variable
of whether the student will pass or fail their Portuguese class.
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Table 5.6: Summary of participant groups in the evaluation of explanation interpretability.
Low data expertise includes participants who ranked their experience with data science, ML,
AI, or statistics at 2 or less (out of 5). High data expertise includes participants who ranked
their experience with data science, ML, AI, or statistics at 3 or more. Real estate expertise
was determined based on the answer to the question “do you have any experience working
in the real estate industry”. General populace participants have low data expertise and low
real-estate expertise. RE: real-estate.

13

General populace

low data expertise and low RE expertise

36

Data experts

high data expertise and low RE expertise

17

RE experts without data expertise

low data expertise and high RE expertise

13

RE experts with data expertise

low data expertise and high RE expertise

5.5.1 Evaluating the Interpretability of Pyreal Explanations

We begin by comparing the interpretability of Pyreal-generated explanations to those directly
generated by the wrapped libraries that Pyreal uses under-the-hood.

Participants

We recruited 94 participants for this study from a random global pool using Prolific4. When
reporting results, we sort them into categories based on their answers to two questions.
First, we asked participants to rate the extent of their experience working with data science,
statistics, ML, or AI on a scale from 0 (none) to 5 (expert). We label users who rated their
experience at 2 or less as having low data expertise. Those who rated their experience as 3
or more are labelled as having high data expertise. We then asked participants if they had
experience working in the real estate industry; those who answered no are labeled as having
low RE (real estate) expertise, those who answered yes have high RE expertise. Categorizing
on these two axes, we get four participants groups, as summarized in Table 5.6.

Method

For this evaluation, we generated explanations of ML models trained on the California Hous-
ing dataset and the Student Performance dataset. The explanations were feature contribu-
tion explanations generated using the SHAP algorithm, either in the form of a bar plot
(explaining a single prediction, as shown in Figure 5.1) or a scatter plot (showing contribu-
tions across the dataset for a single feature, as shown in Figure 5.6). Each explanation was

4www.prolific.com
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(a) No Pyreal (b) Pyreal

Figure 5.6: Sample figures shown to users in the explanation-interpretability user study.
Participants were shown either the Pyreal explanation or the no-Pyreal explanation for each
explanation.

either in the interpretable feature space (Pyreal condition) or in the model-ready feature
space (no-Pyreal condition).

For this study, our interpretable feature space was set to one that we believed to be most
understandable by the general populace of non-ML-experts. This meant the explanations
showed features in categorical formats rather than one-hot encoded, and feature values were
not standardized. For the California Housing dataset, latitude and longitude values were
transformed to neighborhood names.

In total, this study included 2 datasets × 2 conditions × 5 individual plots (3 bar, 2
scatter) = 20 explanations. Each participant was shown one condition for one dataset,
and the other condition for the other dataset (10 total explanations per participant). The
within-subjects design allowed us to account for differences between participants, while the
between-datasets design prevented participants from learning about the meaning of features
from Pyreal explanations or vice versa.

For each explanation, participants were asked to 1) rate the usefulness of the explanation
on a Likert-type scale from 1 (not at all useful) to 5 (extremely useful), 2) describe what
made the explanation more useful, and 3) describe what made the explanation less useful.
Answers 2 and 3 were given in open response format.

Results from participants without RE expertise

We begin by analyzing the results from participants without RE expertise, with extra con-
sideration for those who additionally do no have data experience participants, for whom we
tuned the interpretable feature space used.

The average usefulness scores given by each participant group in summarized in Figure
5.7. General populace participants (those with low data expertise and low RE expertise)
considered Pyreal explantions to be more useful on average than no-Pyreal explanations.
They rated Pyreal explanations as being extremely useful and very useful for 7.23% and
33.06% of explanations respectively, compared to 0% and 19.51% of explanations for the
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(a) General populace participants (low data
expertise, low RE expertise)

(b) Data expert participants (high data ex-
pertise, low RE expertise)

(c) RE expert participants without data ex-
pertise (low data expertise, high RE exper-
tise)

(d) RE expert participants with data exper-
tise (high data expertise, high RE expertise)

Figure 5.7: Average usefulness scores given by each participants group to Pyreal and no-
Pyreal explanations in response to the question “how useful did you find the explanation?”
A score of 1 represents a response of “not at all useful”, and a score of 5 represents a response
of “extremely useful”

no-Pyreal explanations.
Data expert participants (those with high data expertise and low RE expertise) saw

less usefulness from Pyreal. This is likely because the explanations in this study use an
interpretable feature space tuned for an audience of individuals without data experience,
and therefore do not use the kind of precise features that data experts may be used to.

We conducted a thematic analysis on the open-response answers to further investigate
what made explanations more or less useful to the general populace participants in particular.
Here, we describe the common themes seen in responses to open-response questions on both
Pyreal and no-Pyreal explanations.

Interpretable features are essential for understanding. One common theme we
identified for no-Pyreal explanations was confusion related to the model-ready feature space
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used, which included normalized feature values. Of the 23 general populace participants who
answered the question “what made the explanation less useful” on any no-Pyreal explanation,
21 reported difficulties understanding the information (features) presented or difficulties
interpreting the normalized feature values. For example, P22 said, “what does -0.58 bedrooms
mean? No range, no context”. P14 said, “what does ‘fjob_other’ mean? ” and “ longitude and
latitude separately is strange”.

In comparison, only 9 general populace participants reported any confusion related to
understanding features on the Pyreal explanations, and most of these concerns related to
wanting more detailed information about how the features were computed or what they
meant in context. For example, P7 reported that they did not understand the relation-
ship of the characteristics (features) to the purpose of the model (predicting median house
price). We believe these kinds of concerns would be less of an issue in a real-world use case
where decision-makers are domain experts, or would otherwise receive further context on the
problem beyond the brief introduction we were able to give for this study.

Only one comment suggested that using the interpretable feature space reduced the
usefulness of the explanation in any way, commenting that the Pyreal explanation (showing
the neighborhood rather than lat/long values) did not provide an “accurate location”.

These findings motivate our belief that explanations are more useful to decision-makers
without ML expertise when presented using the interpretable feature space.

General populace participants did not shy away from calling the no-Pyreal
explanations “useless" Another common theme seen only in comments on no-Pyreal ex-
planations were direct and unspecific complaints about the explanations’ lack of clarity. P6
commented on a no-Pyreal explanation “this is a very useless method of data visualization”.
P3 said on another no-Pyreal explanation “the factors are very vague and not very help-
ful ”. P13 described the no-Pyreal explanations as “totally not relatable”, and P4 said simply
“everything [makes this explanation less useful], I do not understand this”.

With Pyreal explanations, general populace participants were able to dig
deeper into the ML model itself. A theme in comments on Pyreal explanations was
concerns about the logic the ML model used to produce outputs (7 cases for Pyreal explana-
tions, but only 1 for no-Pyreal). For example, P14 said with regards to a Pyreal explanation
“Median income has too great impact on price prediction”. The goal of ML explanations is
to enable participants to understand where ML outputs come from, and because the model
logic was the same in both conditions, this finding suggests that Pyreal explanations were
more successful.

We note that despite instructions to the contrary, some participants did report reducing
their usefulness rating of explanations due to disagreeing with the model’s logic; we believe
factoring this in could increase the average rating of Pyreal’s usefulness.

Results from participants with RE expertise

We now consider the results from participants with real estate expertise. For these partic-
ipants, we only consider responses to explanations on the California Housing dataset, on
which their domain expertise applied.

The reported usefulness of Pyreal was slightly lower among RE experts, as shown in Fig-
ure 5.7. This finding was not surprising, as it is expected that people have higher standards
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for information about their field5. Additionally, as discussed below, RE experts may want
more detail about the context around the hypothetical decision problem.

We now go through some of the findings from the responses to the open-response questions
from the RE expert participants.

RE expert participants felt no-Pyreal explanations were not appropriate for
them. Several RE expert participants with and without data expertise mentioned that they
felt they lacked the necessary knowledge to understand the no-Pyreal explanations, despite
being experts in RE. P87 said about a no-Pyreal explanation: “Not understandable values
for mathematical non-literate people.”. P89 said, “I’ll be honest that I’m not a numbers guy
and I don’t understand what ‘normalised’ means.” This theme did not appear in responses
on Pyreal explanations.

The decision problem context is especially important to RE experts, and
carefully crafted features can help establish this. One source of confusion we saw
from RE experts with the Pyreal explanations on the California Housing dataset related
to misunderstanding or needing more details about the broader context. For example, in
the California Housing Dataset, each row of data refers to a block of houses, but most real
estate experts tend to be used to reasoning about the prices of individual houses. The study
instructions gave this context, but the scenario may have been so far out of the norm for
participants that they regardless expected features to be presented in terms of individual
houses. For example, P88 incorrectly assumed that “...‘number of households’ refers to the
number of households that would occupy a single home” and P95 reported being unsure why
the total number of bedrooms was 190 (a very high value for a single house). This finding
reveals two lessons: first, ML test datasets like this one often do not effectively represent
real-world decision problems, which may affect the effectiveness of user studies. Second, this
further reveals the impact that the format of features may have on understanding.

RE expert participants had similar needs for interpretable features. Like our
participants without RE expertise, the RE expert participants frequently cited a lack of
understanding about what the features or their normalized values referred to. 13 out of 19
participants who commented on no-Pyreal explanations made at least one comment about
not understanding the features or their values. For example, P91 said, “...what does -0.62
mean for bedrooms? That the home has less than one room? ” For comparison, 5 out of
the 10 participants who commented on Pyreal graphs expressed confusion related to not
understanding features, though 3 of these 5 appeared to be confused about the context as
explained above (thinking rows referred to individual houses instead of blocks, and thus
being confused about large feature values).

5.5.2 Directly comparing the interpretability of Pyreal and no-
Pyreal Explanations

To further investigate the usefulness of Pyreal explanations, we conducted a second study
that enabled participants to more directly compare Pyreal explanations to no-Pyreal. For
this study, we recruited 20 new participants, 12 of whom rated their ML expertise as 2 or

5Indeed, the RE expert participants gave slightly higher average usefulness scores on the student perfor-
mance predictions, of 2.95 (Pyreal) and 2.96 (no-Pyreal)
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Table 5.7: Summary of participants in each condition of our library usability study.

Condition Recruitment
source

# of Participants Years of ML expe-
rience (mean)

no-Pyreal Prolific 10 4.6

Pyreal Upwork 17 0.36

less out of 5.
For this study, we presented the same set of explanations, but showed two explanations

at a time side-by-side. One was generated using Pyreal and used the interpretable feature
space, and the other was the equivalent explanation generated directly with wrapped libraries
and used the model-ready feature space. Each participant was shown 10 pairings.

For each pair of explanations, we asked participants to select the one they thought was
more useful. Among the 12 low-data-expertise participants, the Pyreal explanation was
selected as more useful in 110 out of 120 total pairings (91.67%). Among high-data-expertise,
the Pyreal explanation was selected as more useful in 61 out of 80 total pairings (75.25%).

5.5.3 Evaluating the Usability of the Pyreal library

We ran a user study to understand the process participants use when producing interpretable
explanations without Pyreal, and to compare the time and effort required to produce inter-
pretable explanations with and without Pyreal. We refer to this study as our library usability
study.

This study included two conditions, with two different participant groups, as summa-
rized in Table 5.7. For the no-Pyreal condition of this study, we posted a job to Upwork 6

requesting ML developers with experience working with the Python packages that are use-
ful for generating ML explanations (pandas, scikit-learn, shap). Out of 48 candidate
proposals we randomly selected 10. The selected developers had between 2 and 8 years of
ML development and python experience (mean: 4.6 years). Additionally, all participants
had experience working with the pandas and scikit-learn Python packages, and 6 had
experience working with the shap python library.

For the Pyreal condition we hired from a wider pool through Prolific, filtering only for
Python coding experience. Using Prolific allowed us to take more participants, and because
the low-code Pyreal API is designed to be usable by developers without ML expertise, we
no longer had to select for this. 17 participants completed this condition of the study. The
participants had between 6 months and 10 years of Python coding experience (mean: 2.62
years). Twelve participants reported having some ML development experience, with a mean
ML experience across all participants of 0.36 years.

6https://www.upwork.com/

82



1 # Create new explanation application object from the sklearn pipeline
2 # In the study, the pipeline objects are provided in a pickle file
3 realapp = RealApp.from_sklearn(pipeline, X_train=X_train, y_train=y_train)
4

5 # Produce a feature contribution explanations
6 exp = realapp.produce_feature_contributions(days_of_interest)
7

8 # Visualize the explanation for the first block
9 feature_bar_plot(exp[0], num_features=8, select_by="absolute")

10

11 # Visualize the explanation for the second block
12 feature_bar_plot(exp[1], num_features=8, select_by="absolute")

Figure 5.8: Tutorial code given to library usability study participants in the Pyreal condition.

Method

In both conditions, participants were asked to generate and visualize three interpretable
explanations on each of three datasets, for a total of nine explanations. All input data
and expected output explanations were the same across both conditions. The explanations
were local feature contribution explanations generated using SHAP. We asked participants
to generate multiple explanations per dataset to motivate developing abstractions in the
no-Pyreal condition, so we could compare these abstractions to the ones used by Pyreal.

For each dataset, participants were given a small dataset and a fitted scikit-learn
Pipeline object that included the ML model and all transformers required to transform
the data to make model predictions.

The no-Pyreal condition participants were then given the specifications for interpretable
explanations (presenting values unstandardized and not imputed, with categorical feature
values presented in their original form) and asked to generate a basic bar plot of such expla-
nation on three inputs, using SHAP. Participants were asked to avoid using KernelExplainers
(which can take an sklearn pipeline directly) to mimic scenarios when KernelExplainers are
not desirable due to slow runtime and potentially less accurate explanations.

The Pyreal condition participants were given sample code generating interpretable expla-
nations using Pyreal (including using the RealApp.from_sklearn() function, that converts
an sklearn pipeline to a prepared RealApp object). This brief sample code served to famil-
iarize users with the library, and is shown in Figure 5.8. The only changes participants had
to make from the sample code was 1) substitute in the correct input data for each dataset
and 2) add one additional visualization line.

For this study, we replaced the Ames Housing dataset with the Iranian Churn dataset
[74], as the latter required fewer transformers and offered an easier first task to warm up
participants. The Iranian Churn dataset provides information about customers for a cell
phone company, and whether or not they churned within a timeframe. This dataset required
imputing and standardization. The California Housing dataset required imputing, stan-
dardization, and one-hot encoding and the Student Performance dataset required one-hot
encoding, ordinal encoding, and standardization.
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Results

We analyzed participant code to understand their process, and evaluated the accuracy of
their code and time taken. Here we summarize our key findings.

Table 5.8: Summary of mistakes made by participants in the no-Pyreal condition of our
developer study. Some participants made multiple mistakes.

Type of Mistake Number of Participants

Incorrectly ran the same transformer
multiple times in different parts of the
explanation generation process

1

Missed one or more data transforms
required to run the model

4

Did not correctly remove features that had
been incorporated into other features

2

Displayed transformed data in the final
explanations

1

Did not correctly match feature names to
contribution values

1

Generating interpretable explanations is an error-prone process, but not with
Pyreal. 8 out of 10 of our no-Pyreal condition participants made mistakes on one or more
datasets that significantly modified the explanation output. The types of mistakes made are
summarized in Table 5.8. Most mistakes related to incorrectly over- or under-transforming
data.

Notably, in most cases these were fairly minor mistakes that resulted in explanations that
seemed reasonable, but were in fact not accurate SHAP values for the model’s logic. Such
errors are especially dangerous because they are difficult to identify.

In contrast, only 1 out of 17 Pyreal condition participants made mistakes, despite the
participants being less experienced on average. Generating interpretable explanations with
Pyreal follows an almost identical process across diverse datasets, so following sample code
is sufficient for error-free explanations. The one participant who made errors successfully
initialized a RealApp using the standard constructor, but incorrectly called a non-existent
explain method instead of produce_feature_contributions.

Generating interpretable explanations is a slow process that is sped up by
Pyreal. Time taken to generated interpretable explanations in the no-Pyreal condition
on all three datasets ranged from 4 hours to 5.5 hours (mean: 4.87 hours); one participant
stopped early, taking 5 hours to complete 2 datasets. This is especially notable as, despite the
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datasets being relatively straightforward compared to many real-world datasets, experienced
developers required more than 1.5 hours per dataset on average to generate interpretable
explanations.

In the Pyreal condition, participants only required 23.88 minutes on average (min: 5
minutes, max: 55 minutes, std: 15.93 minutes) to generate all interpretable explanations,
which included the same preparation code as in the no-Pyreal condition. The complete
distribution of explanation generation times for both conditions is presented in Figure 5.9.

Figure 5.9: Distribution of times to generate explanations across both conditions. For par-
ticipants who did not complete all three datasets, we scaled the finish time based on the
time for the datasets completed.

Experienced ML developers implement Pyreal’s logic. Participant code in the no-
Pyreal condition mirrored the process used by Pyreal. For example, participants maintained
the original feature values for use alongside explanations and “undid” one-hot encodings.
These participants wrote out this process for each dataset, manually adjusting the columns
used.

Participants considered Pyreal easy-to-use and reported being likely to use it
more in the future. In the Pyreal condition, we finished the study by asking participants
two retrospective questions about Pyreal:

1. Ease of Use: How easy was it to generate explanations using Pyreal? Please answer
on a scale from 1 to 5, where 1 means very difficult and 5 means very easy, and briefly
explain your rating.

2. Likelihood of Use: If you found yourself in a situation where you needed to get
explanations of ML model predictions, how likely would you be to use Pyreal? Please
answer on a scale from 1 to 5, where 1 means very unlikely and 5 means very likely,
and briefly explain your rating.

The Pyreal condition participants scored Pyreal’s ease of use at 4.07 out of 5 on average.
They scored their likelihood of using Pyreal in the future at 4.13 out of 5 on average. Only
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Figure 5.10: Result of retrospective questions asked to participants in our developer user
study.

one participant scored ease-of-use at 2; no other participant scored either metric lower than
3. Figure 5.10 shows the exact distribution of responses to the retrospective questions.

Additionally, participants’ clarifications of their scores indicated sentiments among partic-
ipants that Pyreal was straightforward to use and generated useful information about model
predictions. For example, P16 reported that “Pyreal seems like a versatile and user-friendly
library for generating explanations of ML model predictions. It provides useful visualization
tools and integrates well with scikit-learn pipelines, making it a valuable tool for understand-
ing model behavior.” P9 scored their likelihood of using Pyreal in the future as 5 because
“it is very easy to use and gives a quick an comprehensible contribution explanation.” P5
stated that “the presentation and usefulness of the results are well worthy the five minutes
it could take to use [Pyreal].” P17 reported that they “... would genuinely really look to use
it - simply because of how efficient it is & how fast [they] can get data off the ground with
minimum programming required.”

We further investigated participants who scored either metric at 3 or lower. Participants
reported scoring Pyreal’s ease-of-use lower because they had not spent enough time with
Pyreal or its documentation to commit a higher score. P4 scored Pyreal’s ease-of-use at 2
because “I am not quite familiar with Pyreal yet but the [sample code] helped a lot and the
visualization of data made it easier to understand the data”, suggesting they may increase
their score with more opportunity to use the library. Similarly, P6 scored ease-of-use as 3
and reported a need for more explanation of what the code specifically did (“I think the
sample code is very good to learn but it needs more comments to make it easy to understand,
even so I understood Pyreal only by reading it...”). P7 scored ease-of-use at 3, but primarily
reported difficulties with the testing notebook environment (outside of the scope of Pyreal).

Participants who scored their likelihood of using Pyreal in the future as neutral (3 out of
5) reported either a general lack of comfort with Python or a desire to get more experience
with Pyreal before committing a higher score. P1 said, ”Maybe I would use it, but I don’t
really use python so I’m not really encouraged, but if I did use python often, I would probably
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Figure 5.11: Average percent change in explanation generation time for generating an in-
terpretable explanation with Pyreal (Pyreal) compared to generating the same explanation
without Pyreal (no-Pyreal-interpret). Pyreal incurred at most an 8.64% increase in runtime.
LFC: local feature contributions. GFI: global feature importance. SE: similar examples.

change my score to 4 or 5 ”. P4 and P6 both scored 3 and explained that they would want
more experience to become comfortable with the library.

Overall, our developer study suggests that Pyreal makes the process of generating in-
terpretable explanations faster and less error-prone, and developers who use it expressed a
desire to use it again in the future.

5.5.4 Evaluating the Runtime Performance of Explanation Gener-
ation

We evaluated the runtime performance of Pyreal and interpretable explanation generation in
general to determine 1) the extent to which generating interpretable explanations is slower
than the default, model-space explanations and 2) whether Pyreal has any inefficiencies that
cause a slower runtime than would occur from generating the same explanations without
Pyreal.

Method

In these evaluations, we consider the runtime of four tasks. We generate interpretable ex-
planations directly using wrapped libraries (no-Pyreal-interpret), using Pyreal (Pyreal), and
using Pyreal with additional output formatting for usability (pyreal-format). We also gen-
erate explanations in the model-ready feature space, the default explanations from wrapped
libraries (no-pyreal).

Our evaluation used three explanation types: local feature contributions (LFC) using
Tree SHAP or Linear SHAP depending on the dataset, global feature importance (GFI)
using sklearn’s permutation feature importance, and similar examples (SE) using sklearn’s
KDTree module [75]
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We used all three evaluation datasets and made 10,000 and 20,000 row versions of each.
In other words, we generated explanations on a 10,000 row testing dataset using a 10,000
row training dataset (both datasets were randomly sampled from the original dataset). We
then repeated the process with 20,000 row testing and training datasets7.

For each experiment (task/explanation-type/dataset/data size), we produced the expla-
nation 10 times and computed the average runtime.

Results

The increase in runtime when generating an interpretable explanation compared to a model-
space explanation varies depending on the transforms used and the runtime of the base
explanation algorithm. Our highest percent change from no-pyreal to Pyreal was 86.86% on
the Ames Housing dataset (10,000 rows) for LFC. Our explanation transforms in this case
ran in linear time, while the base explanation algorithm (Linear SHAP) runs in constant
time, resulting in a relatively higher percent increase in runtime. In contrast, we saw almost
no change in runtime for the GFI tasks. This was expected, as the permutation feature
importance algorithm’s runtime scales with respect to both number of features and number
of rows, while explanation transforms on GFI explanations have a constant runtime, as
these explanations include only one row of data. We saw a slight increase in runtime for
SE explanations, as we needed to transform the dataset to the interpretable space to return
interpretable examples.

Pyreal generates interpretable explanations in a similar amount of time as no-Pyreal
approaches, with the percent change in generation time between no-Pyreal-interpret and
Pyreal ranging from −7.74% to 8.64%. Figure 5.11 shows this result.

For GFI and SE, there was little increase in runtime from formatting. For LFC, format-
ting introduced a linear-time process (converting a DataFrame to a dictionary of DataFrames
per row being explained) to a constant-time explanation algorithm (LinearSHAP), so we saw
higher slowdowns of up to 106% per 1,000 rows of data. This formatting will generally not
be run on more data than a human can process, so real time increases should be small (up
to about .4 seconds per 1,000 rows on a AMD 5800x processor).

5.6 Discussion

Our evaluations suggest that Pyreal creates interpretable explanations that are perceived by
participants without ML experience to be more interpretable and less confusing than no-
Pyreal equivalents. Answers to free-response questions suggested that participants are more
able to identify potential correct and incorrect elements of the model’s logic with Pyreal
explanations.

Past work has suggested that individuals with ML expertise “associate mathematical
representations with logic and intelligence [11]”, which may help explain why the high-data-
expertise group showed relatively less preference for our interpretable explanations. This

7For permutation feature importance on the Ames Housing dataset, we used smaller datasets of 1,000
and 2,000 rows, as this algorithm is very slow on datasets with many columns
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further highlights the importance of considering the specific needs of the target audience in
explanations.

Our developer study suggests that Pyreal is fast and easy to use, and significantly reduces
the likelihood of error when generating interpretable explanations. Notably most errors
made by developers when generating interpretable explanations without Pyreal resulted in
explanations that seemed reasonable, but were not accurate SHAP values for the model.
Such errors are especially dangerous because they are difficult to identify, and therefore a
system that prevents them is valuable.

We are continuing to develop Pyreal’s library implementation, adding additional expla-
nation algorithms, types, and transformers. Each added component increases the scope of
domains where Pyreal can be useful, opening up new domains for real-world use-cases and
evaluations. Future work may also expand Pyreal to other data modalities such as image
and text.
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Chapter 6

Sibyl: A System for Usable ML

Developing a usable ML tool for child welfare screening required more than six months of
development time, along with extensive effort from a team of UI and UX designers, front-end
developers, ML developers, and ML contributors. In addition, several months were spent
evaluating and iterating on the ML tool, which uncovered suboptimal design choices that
needed to be adapted and fixed.

Developing ML tools for use in real-world decision problems can be slow and inefficient
for several reasons. First, decision processes are complicated and diverse; therefore, ML
tools may need to support a wide range of inputs and configurations, while generating many
different kinds of outputs that support a wide range of interactions.

Second, existing systems for usable ML tend to follow a horizontal structure, meaning
they focus on a specific component of the ML tool development process — be it running
models, generating explanations, or creating interfaces. Glue code is required to connect
these different horizontal components, leading to a cumbersome and slow process.

Third, the intricate nature of real-world decision problems means that input from
decision-makers or bridges is essential for tuning and configuring ML tools. Current pro-
cesses for developing ML tools do not always enable these groups to contribute smoothly.
Generally, they must interface extensively through ML developers to make even minor ad-
justments, leading to many rounds of requirement gathering and iterating on feedback.

Finally, the many complex steps involved in the current method for customizing ML
tools for each new decision problem mean there are many opportunities for errors to be
introduced. Errors in ML explanations are especially dangerous because 1) explanations are
often difficult or impossible to validate in a strictly quantifiable way; i.e. “unit testing” for
explanations can be difficult and 2) explanations themselves exist in part to verify a lack of
errors.

We sought to address all these issues with Sibyl, our system for developing usable ML
tools. The goal of Sibyl is to enable faster and more efficient development of ML tools tuned
for individual decision problems.

We designed Sibyl with four key properties in mind:
1. Configurability. Sibyl can be applied to a wide range of decision problems quickly

and effectively. Those using Sibyl to develop a ML tool can tune across a wide range
of configurations, ranging from the types of information shown, the format the infor-
mation takes, the terms used, and other visualization details.
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2. Comprehensiveness. Sibyl is designed to support the wide range of interactions
required across diverse decision processes using ML outputs. It not only generates
interpretable ML explanations, but enables supporting interactions such as updating
feature descriptions and values, annotating predictions, filtering features and entities,
etc.

3. Lightweightness. New ML tools can be set up with Sibyl in a low-effort manner,
including by people without expertise in coding or ML. To the extent possible, config-
urations are optional to allow users to set up basic ML tools quickly.

4. Extensibility. Future ML contributors can continue to build on Sibyl, adding support
for new configurations and interactions. Because new research is constantly being done
on usable and explainable ML, and a single team of ML contributors can never create
an entirely comprehensive system, we developed Sibyl to be easily extendable.

In order to achieve these four properties, Sibyl is a vertical system that includes multiple
components. Each component can stand alone or be used with the others, or potentially
alongside other software components. The Sibyl components are as follows:

1. Pyreal, (described in Chapter 5), is a system with a corresponding Python library
implementation that handles all transformations required to generate interpretable
ML explanations and other augmentations.

2. Sibyl-API (described in Section 6.2.1) is a REST-API wrapper around Pyreal’s func-
tionalities that enables all common interactions in the usable ML decision process.

3. Sibylapp (described in Section 6.2.2) is a configurable front-end for ML tools.

We begin in Section 6.1 by listing out the requirements for a system for usable ML; in
other words, the inputs, outputs, configurations, and interactions that must be considered
by a system that seeks to create usable ML tools for diverse domains.

These elements include the inputs to and outputs from the system, along with configura-
tions that may be required when making a new ML tool, and the interactions users (generally
decision-makers and bridges) may wish to have with them. In Section 6.2, we discuss the
Sibyl system itself and how it supports these elements. Finally, in Section 6.3, we go through
a few case studies, applying Sibyl to different real-world applications.

6.1 Requirements of a System for Usable ML

In this section, we formally list the elements of a usable ML system, including inputs to
the system, outputs from the system, interactions a user may have with the system, and
configurations that should be supported by the system. We note that there are different
ways to describe and organize this content, and propose one possible organization and set of
terms, currently used by Sibyl.
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6.1.1 Inputs

We begin by discussing the full range of inputs our system supports. Our objective here is
to formalize our terminology and define the scope of our system.

Features are individual pieces of information that are inputted to the ML model. For
example, the square footage of a house or the neighborhood it’s in are features. All features
have a feature type — Sibyl focuses on tabular data and therefore supports numeric,
categorical, and Boolean features. Features may have feature descriptions, which are
readable versions of their possibly confusing default names. Boolean features may also have
negated descriptions, which direct how the feature should be described when its value
is False (ie. if the feature description is “House has central heat”, the negated description
would be “House does not have central heat”). Features may be categorized into feature
categories; for example, the size of the lot, the size of the first floor, and the size of the
second floor may all be part of a size category.

Entities are the primary units of data input — the concepts, places, things, or persons
that the ML model makes predictions about. For example, for a model that predicts house
prices, the entities would be houses. In the Sibyl system, entities are identified by unique
EIDs (entity IDs). Each entity may have one or more observations, or a single row of
data (as an example of a scenario where entities may have multiple observations, a single
house may have a set of feature values and a predicted price at multiple time points). Each
observation has a set of feature values, or one value per feature as described above, and may
possibly have a label, which is the ground truth of the variable the ML model outputs for
this observation, if known. Training sets are the set of observations that include ground-
truth labels, which are used for fitting constructs such as explainers or when visualizing
historic cases.

ML models are objects that take in feature values and return some output. Often, these
models require features to be given to them in a very specific format — transformers are
objects that convert data from one format to another.

Context configurations are a broad category of inputs that describe configurations
related to the decision problem for which the ML tool is being used — for example, laying out
the correct terminology (ie. calling entities "houses"), formatting preferences (ie. formatting
the model outputs as rounded US dollar amounts), and the sentiment of model outputs (ie.
higher output values are “good”). A full list of configurations is in the next section.

We note that, to support our goal of being lightweight, Sibyl requires as few of these
inputs as possible. At the same time, in keeping with our goals of being configurable and
comprehensive, Sibyl supports as many inputs as possible. In particular, only a table of
entities and their feature values, a list of feature names, and an ML model and any required
transformers are required to initially set up Sibyl.

6.1.2 Outputs

Outputs include anything produced or returned by the ML system. Again, we seek to
formally define our terminology and explain the full scope of activities we would like to
support with Sibyl.

The ML models produce ML outputs (also called predictions) based on input data.
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Some models, such as classification models, may also provide output probabilities, or the
likelihood that some output matches the ground truth, according to the model. Additionally,
some models may provide output uncertainty metrics, or the level of confidence the model
has in its output predictions. As defined earlier, ML augmentations comprise any other
information alongside the ML outputs that helps decision-makers use and understand these
outputs. ML explanations are a type of augmentation. Local ML explanations explain
why an ML model gave a specific output, and global ML explanations explain how the
model predicts outputs in general. Interpretable ML explanations are explanations that
have been specially tuned to use features that are easy for the target audience to understand
(see previous chapter). Performance metrics describe how accurate or well-performing
the model is expected to be overall. Dataset visualizations show detailed information
about historic or current data.

ML tools are user interfaces (such as a graphical user interface or code notebook) that
include ML outputs along with one or more augmentations that aid in the use of these
outputs for decision-making. Bridges and ML Developers work together to set up ML tools
using systems for usable ML like Sibyl.

6.1.3 Interactions

A comprehensive system for usable ML should be developed to support a wide range of
interactions users may need ML tools to support. An extensible system should seamlessly
support the addition of new interactions that may not have been considered originally.

For the purposes of this thesis, we consider five categories of interactions, described here.
This list was compiled from real-world discussions with decision-makers and bridges who use
ML outputs in their jobs, and observations of real-world decision processes that involve ML
outputs. These categories cover the applications discussed in previous chapters such as child
welfare screening, satellite monitoring, and electric health record analysis. The complete list
of interactions we considered are shown in Table 6.1.

1. Getting Information: Users of ML tools should be have direct access to any system
inputs they need to complete their work, including information about entities and their
observation, information about features, and information about the ML model.

2. Model Use, Vetting, and Understanding: Users should be able to use and under-
stand the ML model, which includes being able to easily compute ML outputs on new
observations and getting access to any ML explanations or other augmentations they
may need in order to calibrate their trust, use the ML outputs effectively, and respond
when they disagree with those outputs.

3. Logging and Annotating: Users must be able to contribute their own opinions,
expertise, analyses, and other inputs to the ML tool. We seek to support annotations
of ML outputs, as well as enabling users to record detailed information about their
actions in the past, which may contribute to decisions made in the future.
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Table 6.1: List of interactions users have with ML that we aim to support with Sibyl.

Getting Information

I1 Get general information about an entity.
I2 Explore, search, and filter feature values on entity observations.
I3 Get general information about features (feature types, collection method, etc.).
I4 Get general information about the model (model type, etc.).

Model Use, Vetting, and Understanding

I5 Get model prediction(s) on an entity’s observations.
I6 Get explanations of an ML model prediction (local explanations).
I7 Get explanations of the ML model’s logic overall (global explanations).
I8 See other cases similar to the current entity/observation, corresponding actions

taken, and their outcomes.
I9 Experiment with modifying observations to see how the model’s prediction

would change.
I10 Compare observations and entities.
I11 Obtain performance metrics for the model.
I12 Visualize or understand the training data used for the model, such as feature

distributions.
I13 See historic model predictions and outcomes.
I14 Understand model uncertainty for a given prediction.

Logging and Annotating

I15 Annotate model predictions and explanations with external info or insights.
I16 Flag predictions or explanations with categories such as helpful, accurate, no-

table, or suspect.
I17 Record actions taken based on model output, and the resulting outcomes.

Updating

I18 Add new models and model pipelines.
I19 Update models with new training data.
I20 Add or modify entities.
I21 Add labels to entities once the ground truth is known.
I22 Update feature list to support models that take in new information.

Tuning

I23 Modify feature descriptions and categories.
I24 Select which explanation types and augmenting information to display.
I25 Modify visual settings of pages (such as color and size of components).
I26 Modify the size of the dataset used based on computational limitations.
I27 Modify terms and formatting used.
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4. Updating: As entities, features, models, and other inputs to the system change, users
should be able to easily update the ML tool to reflect these changes without having to
modify anything from scratch.

5. Tuning: Users should be able to easily modify feature descriptions and other terms
used to meet their preferences.

In the next section, we explain how Sibyl enables these interactions through its REST-
API layer.

6.1.4 Configurations

Studying the literature and undertaking our own case studies has allowed us to identify the
many configurations that a fully configurable usable-ML system must be able to support.
We formally codify these in Table 6.2.

We categorize configurations based on what information they affect:

1. Feature Configurations affect how features are presented and how different features
should be interpreted. These configurations include concepts introduced in previous
chapters, such as the feature space used and the subjective properties of features, as
well as feature descriptions and categorizations.

2. ML Output Configurations affect how information related to the ML output is
presented. For example, allowing users to specify the sentiment of the ML output can
help determine the colors associated with positive and negative feature contributions
(e.g. “bad” contributions should be red).

3. Entity Configurations affect how information related to entities and their observa-
tions is organized.

4. Explanation Configurations affect which ML explanations and augmentations are
displayed. Note that explanations are also impacted by other configuration categories,
like feature configurations.

5. Interface Configurations include more general configurations for information pre-
sentation, such as what terms, colors, and sizes to use.

Throughout the next section, we introduce the various ways different Sibyl components
enable configurations. When using the full Sibyl system, most configurations are handled
on the Sibyl-API layer, so that users can switch between different front-ends without having
to reconfigure every time. Some user-specific configurations, like colorblindness support
settings and component sizes, may be handled on the interface level, such as by Sibylapp.
The feature space used, as discussed in the previous chapter, is configured when creating a
Pyreal RealApp object.
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Table 6.2: Configurations to be considered when developing ML tools for new domains.

Feature Configurations

C1 Feature space used (ex. avoid one-hot encodings, avoid standardization) [76]
C2 Properties of features (interpretability, actionability, etc.) [77], [78]
C3 Human-readable feature descriptions (ex. MedInc → Median Income) [77]
C4 Categorizations of features (ex. size category includes first floor size, second

floor size, and lot size)

ML Output Configurations

C5 Model prediction formatting (ex. 0/1 → normal/failure, 3456 → $3,456)
C6 Sentiment of model outcome (what predictions are good/bad?) [79]
C7 Whether to show class probabilities [80]

Entity Configurations

C8 Groupings of entities (ex. houses 1-10 are part of the Placedale neighborhood)
C9 Data organization (are there multiple observations per entity? are these ob-

servations organized by time?)

Explanation Configurations

C10 Appropriate explanation types (ex. for sensitive data, avoid similar entities.
For high-risk, avoid LLM-generated explanations) [12], [20]

C11 Explanation types based on user preference [81]

Interface Configurations

C12 Terms used for general concepts (ex. features → factors, entities → houses,
positively contributing features → risk factors) [12], [79]

C13 Colors used (i.e., for colorblindness accessibility)
C14 Size of components for screen size accessibility
C15 Balancing accuracy versus speed (ex. use fewer training data points on slower

computing/lower-risk applications)
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Figure 6.1: Summary of the interactions between components in the Sibyl system.

6.2 Sibyl System

In this section, we will discuss the Sibyl system, and how it supports the requirements
introduced in the previous section. We already discussed Pyreal in the previous chapter —
here, we introduce Sibyl-API and its corresponding database structure, and Sibylapp, our
front-end. For each of these, we discuss how they enable the interactions and configurations
described in Section 6.1.

The full Sibyl system is summarized in Figure 6.1. The Sibyl database stores pre-trained
Pyreal RealApp objects (introduced in the previous chapter) to generate interpretable ex-
planations. Sibyl-API endpoints access the database, and use RealApp objects to generate
explanations. Sibylapp accesses these endpoints.

6.2.1 Sibyl-API

Sibyl-API is a general-use back-end Representational State Transfer (REST) API that en-
ables the creation of ML tools, allowing people to apply usable and explainable ML to diverse
decision problems without needing to re-implement explanation algorithms or write code in
any specific language.

Motivation for a Usable ML REST-API

Sibyl-API offers all the standard benefits of a REST API layer. It supports Sibyl’s
lightweightness as it conforms to the HTTP standard and therefore can incorporated into a
range of systems. REST APIs are frameworks that enable stateless communication, mean-
ing they allow tasks to be completed without any server-side saved information. Specifically,
Sibyl-API maintains all state information in the Sibyl database, and client-side calls to the
server using Sibyl-API include all information needed to complete tasks using this database.
This keeps the API modular and flexible to changes to other parts of the system. It allows
for easy integration of usable ML between different interfaces and other output systems,
including our GUI Sibylapp along with other external visualization tools.

For usable ML specifically, a REST-API layer offers significant flexibility and config-
urability in interface design. As discussed in the next section, we developed our front-end
interface Sibylapp to act as a general-use, configurable front-end for a wide variety of decision
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Table 6.3: List of Sibyl-API routes, with the interactions they seek to enable (see Table 6.1)
GET endpoints , PUT endpoints , POST endpoints .

API Route Interactions

entities/ I1 , I2 , I20 , I21
features/ I3 , I22 , I23
dataset/ I12 , I13 , I19
models/ I4 , I11 , I18
models/importance/ I7
models/prediction/ I5
models/uncertainty I14
contexts/ I24 , I25 , I26 , I27
explain/contributions I6
explain/modified_prediction I9
explain/similar_entities I8
explain/compare I10
log/ I15 , I16 , I17

problems; however, with the massive diversity of real-world requirements, many applications
require more specific interfaces. Additionally, real-world constraints may mean that a specific
front-end platform that is not Python or Streamlit-based is required. Creating a separate
REST-API layer allows Sibyl to contribute even in domains with such constraints.

Sibyl-API Endpoints

Sibyl-API endpoints take in parameters from the client (front-end application) to provide
information supporting all the interactions described in Table 6.1. ML developers using
the API can specify entities by EIDs, and models, features, and contexts by name. They
can get information and use and understand the model through GET endpoints, which
extract relevant information from the endpoint and may use Pyreal to run computations.
Logging and annotating interactions are mostly handled by logging PUT endpoints. Finally,
developers can tune and update information through the relevant POST endpoints.

Sibyl-API endpoints are categorized into several routes:

1. Entity endpoints provide information about entities and the observations associated
with them.

2. Feature endpoints provide information about input features, such as their readable
descriptions, types, and categorizations.

3. Model endpoints provide ML outputs using the ML model, and other information
about the model such as feature importance scores.

4. Context endpoints provide context-specific information for setting up ML tools. All
terminology used can be given a domain-specific alternative —- for example, entities

99



could be “houses”, “turbines”, “customers”, etc., and features could instead be referred
to as “factors” or “properties”. Additionally, these endpoints provide information such
as how to format ML outputs.

5. Explain endpoints provide ML explanations and other augmentations. The back-end
code for these endpoints usually uses the saved RealApp object.

6. Log endpoints log user interactions with ML tools.

The complete list of interactions supported by each of these endpoints is shown in Table
6.3. Some endpoints support multiple interactions by providing multiple types of data or
taking in optional parameters.

Sibyl Database

Sibyl-API accesses and updates information from a database, which is populated using one
of several methods (as discussed in detail in Section 6.2.1). Our implementation of the Sibyl
database is built using MongoDB, and is based on the schema shown in Figure 6.2.

Implementation: Setting Up Sibyl-API Servers

In this section, we go through details of how Sibyl-API servers are set up and configured
for new applications. Sibyl-API is implemented in Python and Flask1, and Sibyl DB is
implemented in MongoDB2.

We have developed three approaches to configuring a new Sibyl-API server, each requiring
decreasing levels of development expertise at the cost of decreased flexibility. These are a
full-Python approach, a configuration file approach, and a GUI-based setup wizard.

Option 1: Full Python Configuration A Sibyl-API server can be fully configured
using a low-code Python API. This is the most flexible configuration option for ML developers
who are comfortable with coding and have requirements for complex transforms.

In this option, the developer prepares the Sibyl-API database and sets context configu-
rations using the Sibyl-API database utility library functions. Data can be passed into these
functions as Python objects such as pandas DataFrames and dictionaries, or as references
to files such as CSVs that have the data saved.

Option 2: Configuration File Users preparing Sibyl-API servers can also use YAML
configuration files by running the Sibyl-API command line utility. The configuration files
specify the location of data CSVs and serialized RealApp objects, as well as information
about context configurations.

Figure 6.8 shows a snippet of these configuration files for a sample application.
Option 3: Setup Wizard Users with less coding experience can also opt to use the

Sibyl-API setup wizard, which takes the form of a graphical user interface (GUI). This option
offers a fast and easy setup approach. Users run the setup wizard, and are given a step-
by-step series of questions to answer about their requirements. This process generates the

1https://flask.palletsprojects.com/
2https://www.mongodb.com/
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Entity

eid string

observation_ids string

features dict

properties dict

labels dict

Category

name string

color string

abbreviation string

Feature

name string

description string

negated_description string

category string

type string

possible_values string

TrainingSet

id int

entities string

nearest_neighbors binary

Model

id string

description string

performance string

importances dict

realapp binary

training_set string

Context

id string

configuration dict

Figure 6.2: Entity relational diagram for the Sibyl database. Entity documents include infor-
mation about entities, including their observations and feature values, ground-truth labels (if
available), and other properties. Feature documents include feature configurations, including
feature type (Boolean, categorical, or numeric), readable descriptions and negated descrip-
tions (for Boolean features), category, and possible values for categorical features. Category
documents keep track of configurations related to feature categories. Model documents in-
clude serialized, pre-fit RealApp objects, descriptions of the model and its performance, and
pre-computed feature importance scores. TrainingSet documents contain a list of entities
with ground-truth labels that should be used for computations, including a prefit list of
nearest neighbors. Finally, Context documents describe configurations for a specific appli-
cation context.

configuration files automatically, and then prepares the database. Figure 6.5 shows a sample
from this setup wizard.

Having gone through our structure for Sibyl-API, we now move to our front-end interface
system, which uses a Sibyl-API server to enable a wide variety of user interactions.

6.2.2 Sibylapp

Sibylapp is the lightweight, highly configurable front-end component of Sibyl. Sibylapp offers
many different explanation interfaces that form ML tools.

Sibylapp is fully implemented in Streamlit [82], a pure-Python, easy-to-develop frame-
work for generating user interfaces. In the event that configurability is required beyond what
we offer, users can easily use Streamlit to further adjust their interfaces.

Sibylapp accesses Sibyl-API endpoints to get information and context configurations.
Therefore, no further inputs are required to set up an GUI once a Sibyl-API endpoints have
been established.

Sibylapp interfaces allow users to use, understand, and interact with their models. Ap-
pendix C.1 includes screenshots of all Sibylapp interfaces implemented at the time of writing.
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Table 6.4: List of Sibylapp interfaces currently supported, with the base augmentation or
explanation type they focus on showing, and the interactions they enable (see Table 6.1).
Note that Updating interactions are currently handled when setting up the Sibyl-API server
(using configuration methods like the Setup Wizard makes it possible to do this without
writing code). Logging and Annotating interactions are not yet supported by Sibylapp.

Interface Base Augmentation Interactions

Prediction Summary ML Outputs I5
Explore a Prediction Feature Contributions I1, I2, I6
Similar Entities Nearest Neighbors I8
Compare Observations Feature Contributions I10
Experiment with Changes Counterfactuals I9
Change over Time Feature Contributions I6
Understand the Model Feature Importance/Contributions I4, I7, I11, I12
Edit Features N/A I23
Settings N/A I24, I25, I26, I27

The next chapter goes through several of these interfaces in depth, as applied to one specific
sample application. These interfaces currently support most of the interactions shown in
Table 6.1 through calling the appropriate Sibyl-API endpoint. Table 6.4 shows the current
list of interfaces we have developed, along with the interactions they support.

Sibylapp includes a Settings page that supports certain individual-level interface config-
urations (C13-15).

6.3 Case Studies

To evaluate Sibyl’s configurability, we walk through case studies demonstrating the process
of using Sibyl to set up ML tools for three applications. In the next chapter, we explore a
fourth domain, bringing in detailed user feedback.

Sibyl for Child Welfare

In Chapter 3, we described how we set up a usable-ML tool for child welfare screening. At
the time of that case study, we used an older, less generalizable and less lightweight version
of Sibyl based on React, which required setting up the interfaces mostly from scratch. Here,
we discuss the steps required to set up a ML tool using our new Sibyl system.

User Persona: Our decision-maker audience is described in depth in Chapter 3; here
we offer a brief reminder. The child welfare screeners we work with have expertise in child
welfare, and generally no expertise in ML or data science. Their objective is to decide
whether to screen in (investigate further) or screen out (do not investigate further) a case
of reported child abuse. To aid with this process, they use a 1-20 risk score output by an
ML model. In addition to receiving this score, they are interested in understanding relevant
factors about the case that they may have missed.
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Inputs: The ML model used is a Linear Regression model trained with the Lasso op-
timizer on around 400 features. It outputs the probability that a child will be removed
from their home in the next two years, conditioned on them being investigated. Cate-
gorical features were one-hot encoded; otherwise, no further data transforms were used.
We set up a RealApp for this case using the code shown in Figure 6.3. We created an
entities.csv document including the feature values for a set of historic data. We then
created a features.csv document that includes the feature descriptions corresponding
to all unreadable feature names, and the feature types. We categorized the features into
13 categories, such as placement history, referral history, and demographics. For
Boolean features, we manually wrote out negated versions of their descriptions (for ex-
ample, "adult in case has open child welfare case" → "adult in case does not
have open child welfare case"). Finally, we created a context config YAML with spec-
ifications such as labeling the output sentiment as negative, and using terms like “Factor”,
“Risk”, and “Protective” rather than “Feature” “Positively contributing” and “Negatively con-
tributing.” This context config also specifies the binning thresholds that will convert the
ML output of probabilities to 1-20 risk scores when displaying the ML outputs in Sibylapp.
Finally, this context config lists the desired interfaces to use — for example, it specifies to not
include the Similar Cases interface, as our past work demonstrated this was not appropriate
for child welfare screening.

Setting up Sibyl: With the inputs described above, we can set up the database and
run Sibyl-API for child welfare using the Python configuration method and the code shown
in Figure 6.3. From there, we run Sibylapp using the command line utility, and all configu-
rations are handled. Use of the ML tool remains similar to the original described in Chapter
3, though with our new configurations we are able to automatically ensure features remain
fully human-worded, as shown in Figure 6.4.

Sibyl for House Price Prediction

Next, we applied Sibyl to the decision problem of real estate pricing using the Ames Housing
Dataset [72], as used in examples throughout this thesis. This dataset includes information
on almost 3,000 houses sold in Ames, Iowa from 2006 to 2010. For each house, the dataset
includes the price it sold for, along with 79 features related to house size, location, utilities,
construction date and more.

User Persona: For this application, we are taking on the persona of a real estate agent
looking to help homebuyers put in a winning bid on a house in Ames in 2011. The house in
question is newly constructed, and the agent wants to use ML — not just to get an idea of
what price the house will sell for, but also to better understand where this price is coming
from, so the agent can add this information to their own domain expertise and use it to get
the best deal for their clients.

Inputs: We trained a Ridge regression model to predict the price of houses in this
dataset. We used Pyreal to set up a RealApp that one-hot encoded categorical features,
imputed missing data using an understanding of the data to select the strategy (for example,
houses with missing basement sizes usually do not have basements, so those values were
imputed with 0s), and standardized all resulting numeric features. We saved the serialized
RealApp in a file called realapp.pkl.
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1 from pyreal.transformers import OneHotEncoder, fit_transformers
2 from sibyl import db
3 from sibyl import run
4

5

6 X_train = ... # Load in training data
7 model = ... # Load in Linear Regression model
8 transformers = OneHotEncoder(columns="all_categorical")
9 fit_transformers(transformers, X_train)

10 realapp = RealApp(model, transformers=transformers, id_column="eid")
11

12 db.connect_to_db("family-screening")
13 db.insert_features_from_csv("features.csv")
14 db.insert_entities_from_csv("entities.csv", label_column="PRO_PLSM_NEXT730_DUMMY")
15 db.insert_model_from_object(realapp)
16 db.insert_context_from_yaml("context_config.yml")
17 db.disconnect_from_db()
18

19 sibyl.run(db="family-screening")

Figure 6.3: Sample configuration code to set Sibyl up for child welfare screening using the
Python configuration approach.

We then saved the original dataset in a file called entities.csv, and created a
features.csv file that included descriptive versions of all feature names, as well as labels
for the feature types and categories.

Setting up Sibyl: For this application, we set up the Sibyl server using the setup wizard,
which walks the user through uploading their data and selecting context configurations.
Figure 6.5 shows a screenshot from the context-configuration section of this process. In this
case, we do not need any interfaces that explain over time, as we are looking at house prices
for a single moment in time. Our user is interested in receiving local explanations of the
house at hand, as well as in developing an understanding of the overall housing market with
global explanations.

Figure 6.4: Screenshot from Sibyl applied to child welfare, demonstrating human-worded
features and domain-specific terminology.
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Figure 6.5: Snippet of setup wizard for a house pricing application, demonstrating how users
can specify the application context configurations.
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Figure 6.6: Sample page from Sibylapp for the housing sample application.

User story: An example of a Sibylapp interface for this application can be seen in Figure
6.6. We will now walk through a sample story of our user persona (a real estate agent) using
Sibyl to complete their decision task (selecting a bid price for their client). They begin by
looking at the ML output, which predicts a price of around $157,000 for the house at hand.
They know from their experience that this price is a bit lower than the average house in
Ames; they can see from the feature contribution table on the Explore a Prediction page that
this lower price comes primarily from the size of the house and the quality of its materials.
To better understand how this house size compares to other houses, and how house size
influences the model’s price predictions, they select the “Show feature plot” option to see
more details. They see that the model’s house-price prediction scales linearly with the square
footage, with houses larger than around 1,600 square feet being considered above average —
at that threshold, house size starts bringing the house price prediction over the average.

The agent sees that the dataset considers the quality of the house’s building materials to
be 5 out of 10, but is aware that renovations are being done that will increase the quality.
They use the Experiment with Changes page to see that increasing the building material
quality to 6 or 7 would change the predicted house price to around $164,000-$171,000, and
factor this knowledge into their pricing suggestions.
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Sibyl for national emissions data

Our final case study involves observing correlations between various factors pertaining to
countries and their overall CO2 emissions.

User persona: For this application, we take on the persona of a climate researcher look-
ing to better understand the factors relating to carbon emissions across nations. Compared
to previous applications, this persona is less interested in seeing or understanding individual
ML outputs, but is especially interested in understanding the correlations between countries,
their factors, and their emissions.

Inputs: We gathered information about 239 countries from 1991 to 2024. Data came
from the World Bank 3. For each country, we collected data on CO2 emissions (in metric
tons per capita) for each year during the selected time frame, along with 38 other factors,
such as the percentage of the populace with access to electricity and the primary industries
in the countries.

Similar to previous applications, we placed our data in entities.csv. We set the eid
(entity ID) column to the country names, and the observation ID column to the year.

Setting up Sibyl: For this application, we use the config YAML method to set up the
Sibyl-API server. Figure 6.8 shows the configs used.

In this case, we include interfaces (pages) that allow the climate researcher to understand
changes in ML outputs over time. We also focus on interfaces that may offer insights about
what contributes to emissions, such as the feature-contribution-based “Explore a Prediction”
and feature-importance-based “About the Model” interfaces, rather than interfaces that focus
on ML outputs (such as the “Prediction Summary” page). We also include the “Experiment
with Pages” page, so that our user persona can investigate possible interventions. Finally,
because this use case has a time-based element, we include the Change over Time interface,
which allows the researcher to understand how emissions and related factors have shifted
over time.

User Stories: The climate researcher wants to understand what factors correlate with
countries that have high emissions. As such, they begin by focusing on the “Understand
the Model” interface, to visualize the overarching trends. As expected, when looking at
feature importance scores, they see significant importance given to a feature that tracks the
percentage of the population that has access to electricity. More surprisingly, they see that
average precipitation per year is the second most important feature, and wonder what may
cause this correlation. They visualize this feature in the feature-level plots (Figure 6.7) and
notice that this feature actually does not contribute to the ML output for most countries,
except for a small number of countries in the dry Middle East, which tend to have higher-
than-average predicted emissions (Qatar, UAE, Kuwait, Bahrain, and Saudi Arabia). They
decide this may be a spurious correlation, but make a note to look into it further.

6.4 Discussion

Developing ML tools using Sibyl for multiple diverse domains reveals the wide range of
considerations and difficulties involved in making a truly configurable system.

3Data available at https://data.worldbank.org/
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Figure 6.7: Feature-level plot explaining how the ML model uses the Average
Precipitation per Year (cm) feature for the emissions sample application. Each dot
represents one country (hovering over the dot will show the country name). The x-axis
shows values for the feature, and the y-axis shows the feature’s contribution to the model’s
prediction of total emissions. We can see that a few very dry, high-emitting countries push
this feature’s overall contribution up significantly.

Here, we summarize some of the specific challenges we were presented with when moving
from a traditional ML mindset, where the goal is to develop a high-performing model, to
a usable ML mindset, where the goal is to improve decision-making outcomes using ML
outputs.

1. In a more traditional ML mindset, we think of explanations in terms of the information
used by the ML model — the closer to the “real” logic of the ML model, the more ac-
curate and better the explanation is. In the usable ML mindset, having an explanation
that can be understood by the target decision-makers may be even more important
that having one that is maximally true to the model.

2. In the traditional ML mindset, we often think of ML explanations as mostly serving the
purpose of verifying the ML outputs. In the usable ML mindset, the explanations may
serve many purposes, such as acting as feature flags or providing additional information
to guide actions taken by decision-makers.

3. In the traditional ML mindset, we think of features as being positively or negatively
contributing to the prediction. In the usable ML mindset, these terms are confusing,
as a “positively contributing” feature may have a negative sentiment — such as when
it corresponds to an increased risk of child abuse. Terms and colors used on interfaces
must reflect the semantic meaning of a feature, not the numeric one.

4. Many ML augmentations that are popular in the traditional ML literature can be
inappropriate or harmful for usable ML applications. Attempting to explain a model’s
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1 # Name of database to create
2 database_name: "emissions"
3 # Name of entity file
4 entity_fn: "entities.csv"
5 # Name of feature file
6 feature_fn: "features.csv"
7 # filename of pickled realapp
8 realapp_fn: "realapp.pkl"
9 # Name of context config file.

10 context_config_fn: "context_config.yml"
11 # column containing labels in entity file
12 label_column: "CO2 emissions (metric tons per capita)"

1 # Model prediction output type, one of "numeric", "boolean", "categorical"
2 output_type: "numeric"
3 # Python f-string for formatting numeric model outputs
4 output_format_string: "{:.3f}"
5 # If false, increase in model predictions correspond to a positive outcome.
6 output_sentiment_is_negative: True
7

8 # Context-specific overrides for common terminology
9terms:

10 entity: "Country"
11 feature: "Factor"
12 prediction: "CO2 emissions (metric tons per capita)"
13 positive: "Increasing" # Features with positive contribution
14 negative: "Descreasing" # Features with negative contribution
15

16 pages_to_show:
17 - Explore a Prediction
18 - Change over Time
19 - Experiment with Changes
20 - Understand the Model

1 sibyl prepare-db emissions-config.yml

Figure 6.8: Configuration file approach to preparing the emissions Sibyl application. Top:
The contents of a configuration YAML file emissions-config.yml. Middle: The contents
of the context configuration file, context_config.yml. Bottom: The command to prepare
the application from the config.
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logic through similar historic cases may encourage negative decision-making by setting
up unfair comparisons between individuals (as in the child welfare case), or may reveal
private information. Counterfactuals may suggest giving actionable advice, even when
the underlying model is not causal. A usable ML system must support a wide range
of augmentations and allow users to easily configure which ones to show.

5. In the traditional ML mindset, more information is helpful. In the usable ML mind-
set, more information is often overwhelming, and may do more harm than good if it
inadvertently reduces user trust in or comfort with the model. Usable ML tools should
default to showing the minimum valuable information, and allow users to search and
filter down to relevant subsets of information, such as through feature categorizations.

6. The traditional ML literature has a specific and commonly used set of terminology —
features, data columns and rows, and model predictions. When developing usable ML
tools, the terminology of the domain must be used — for instance, swapping in the
word “factors” for “features.”

7. Users need to be able to input their own thoughts and analyses alongside the model’s
predictions, and usable ML tools need to support these kinds of interactions. While
Sibyl-API supports these inputs, future work should add natural ways to support these
interactions on the interface level.
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Chapter 7

Application 2: Usable ML for Wind
Turbine Monitoring

Fully understanding the requirements for usable ML tools and evaluating their impact on
decision-making requires studying real-world applications. Toy datasets (however realistic)
and formal user studies (however carefully chosen) cannot provide the necessary depth of
feedback. Therefore, we decided to apply the lessons we learned and the systems we devel-
oped in another real-world context: wind turbine monitoring.

To keep turbines running effectively, operators analyze turbine sensor data — referred
to as Supervisory Control and Data Acquisition (SCADA) data — to determine when a
potential failure may occur. One type of failure occurs when a turbine brakepad prematurely
wears out. This can be prevented by sending technicians up the turbines for investigation
and repair — but this is an expensive and potentially dangerous task. A usable ML tool
could reduce downtime from such failures while keeping costs low, alerting relevant personnel
to potential brakepad failures and providing the information they require to make efficient
decisions about brakepad inspection and replacement.

In order to develop an effective ML tool for this decision problem, our team worked in
parallel on two tasks: developing the ML model and creating a ML tool with additional
explanations and augmentations. In this thesis, we will focus on the latter task after briefly
introducing the data and ML model.

Our research questions from this application were:

RQ1 How does wind turbine monitoring (specifically, turbine brake pad monitoring) fit
within the considerations for usable ML we discussed in the introduction? Who are
the people and what are the processes involved?

RQ2 What design choices must be made when developing ML tools for use in wind turbine
monitoring?

RQ3 How do bridges and decision-makers in the domain of wind turbine monitoring interact
with ML tools developed using Sibyl?

RQ4 How do ML tools influence decision-making in the domain of wind turbine monitoring?
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Figure 7.1: Visualization of the interactions between the cut-off time, the target time, and
the lead time over two possible prediction scenarios. Figure taken from [84].

Study Participants. Over the course of several years, we collaborated with a team of
three wind turbine data analysts at Iberdrola, a renewable energy company. All members
of this team regularly reviewed and made decisions regarding wind turbine monitoring and
maintenance, as described in depth in the next section. Throughout the collaboration, we
met weekly with the team to gain additional insights, feedback, and requirements.

7.1 Data and Modelling

In this section, we briefly introduce the data and ML model used for this application. The
ML model architecture and features used here were more complex than those used in our
child welfare application, which allowed us to work through additional considerations relevant
to usable ML tool development.

The data used to predict wind turbine brake pad failures was collected based on time
series SCADA data using the label, segment, featurize approach [83]. For this algorithm,
there are three key terms to define:

• The cut-off time (tc) represents the latest time in the historic training data used for
training or inference; i.e., no data after this time is included in computing model
features. [83]

• The target time (ttarget) represents the moment in time that the ML output is predict-
ing; i.e., at what time are we predicting whether the brakepad will have failed?

• The lead time (lead) is length of time between the cut-off and target times (ttarget−tc),
i.e. the length of time into the future we wish to predict for.

In summary, using SCADA data collected up until time tc, we predict whether the brakepad
will fail in the next lead amount of time, at time ttarget. The interactions between these three
concepts are visualized in Figure 7.1. This figure also demonstrates the two scenarios wind
turbine data analysts are interested in: 1) predicting brakepad failures at different times in
the future starting from a set time (constant tc), and 2) repeatedly predicting failures at a
specific future time point over time (constant ttarget).

The data featurization and labeling for this task was handled by Zephyr [85], an ML
system developed specifically for wind turbine prediction tasks. The Zephyr workflow follows
four primary steps:
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Table 7.1: Considerations for usable ML for wind turbine monitoring.

Process
Decision problem Whether a turbine is at risk of brake pad failure and why
Action space Do nothing, add information to report, make urgent alert
Measured outcome Overall turbine downtime and maintenance costs
Time to make a decision Unbounded
Associated risk High
ML Integration Proxy (Predicted failures)
Roles
Decision-maker(s) Wind turbine engineers (Operations and Maintenance team)
- ML/data expertise Some
- Domain expertise Expert
Bridges Wind turbine data analysts (Data and Analysis team)
ML Developers ML developers (our team), Data and Analysis team
ML Contributors Authors
Affected Individuals Turbine contractors, site teams, energy consumers

1. First, the data is uploaded and formatted into a relational data structure called an
EntitySet [85]. For turbine brake pad monitoring, this data is primarily SCADA
data, which consists of signal data sampled at regular time intervals. This data includes
diverse signals such as vibration of components, wind speed, and active power. At each
time step, the signal values are aggregated across the selected interval, using several
aggregation methods (minimum, maximum, average, and standard deviation) [85].

2. Now that the data has been compiled and formatted, we can generate labeled training
data. The labels we seek to generate show whether a turbine was experiencing a brake
pad failure at a given time. At various time steps, the data up to the cutoff time is
saved for training, and then the label is extracted by looking at the data lead time
points ahead of the cutoff time; i.e., the label is taken from time tc+lead. [85]

3. Next, the data prior to each cutoff time is featurized. For each training data row,
we take some constant number of time steps prior to the cutoff time, specified by a
set window size. These time steps are then aggregated using a series of aggregation
functions such as minimum, maximum, mean, and standard deviation. [85]. In this
case, we ended up with about 300 features total.

4. Finally, given the featurized data and labels, a series of XGBoost classifiers [86] were
trained to predict whether a brake pad is likely to fail after a given lead time at a given
cutoff time. Each lead time required a separate classifier, trained on the dataset of the
specified lead time. For our study, we used lead times of 0-30 days, at 5-day intervals.

With our set of ML models, we are now ready to take a deeper look at our collaborators’
requirements and develop a ML tool to help with wind turbine brake pad monitoring decision
problem.
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7.2 Understanding Context and End-User Needs

We began by seeking to answer RQ1 by understanding the people and processes involved in
wind turbine monitoring, to ensure our ML tool would be usable for the decision problem.
All findings from this section are summarized in Table 7.1.

We first conducted an hour-long unstructured interview with one of our collaborating
wind turbine data analysts at Iberdrola. This allowed us to identify the people involved
in or affected by the wind turbine monitoring decision problem, as well as their needs and
expertise. We identified several teams, groups, or organizations that may be affected:

1. The Monitoring and Analysis Team (MA team) (our primary collaborators) is a
team of data analysts that fill both our defined bridge role and the decision-maker role.
They analyze data about wind turbines around the world to find anomalies, potential
sources of failures, and broad performance trends. They compile monthly reports on
the overall turbine fleet, which have information about performance trends, sites that
require additional inspection, and more. They also send additional alerts related to
urgent situations, such as an elevated risk of turbine failure. A significant part of the
MA team’s job involves filtering and prioritizing information and alerts to send further
down the pipeline.

This team makes up the primary direct audience for the ML outputs, which highlight
potential brake pad failures. The MA team must then filter and prioritize these alerts,
and compile additional information such as urgency and potential cause.

2. The Operations and Maintenance Team (OM team) team consists of turbine
engineers with expertise in various turbine subsystems. They look at the reports
and alerts from the MA team and combine this information with their expertise to
determine what inspections and maintenance need to be performed on turbines.

This team generally does not interact with ML outputs directly, but will look at some
information from these sources, as compiled by the MA team. As such, they may also
fill the decision-maker role.

Unlike in our child welfare application, the turbine engineers and data analysts have
more experience with data science, and are more comfortable with feature aggregations
and engineering. As such, while the feature space we use for this domain may appear
less human-worded, it remains usable to our intended audience.

3. Each wind farm has its own Site Team that specializes in the specific requirements
and properties of the turbines at that site. This team takes recommendations from
the OM team, and hires out contracted turbine maintenance personnel to inspect,
maintain, and repair turbines as needed. For the most part, this group fits in the
affected individuals role.

4. Contractors are another group of affected individuals who carry out inspections,
repairs and other tasks. This often requires going up the turbines in person — a
potentially dangerous job.
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5. Three broader categories of affected individuals include Consumers, which covers any
person who uses energy generated by Iberdrola’s wind turbines, who may be affected
by outages or costs in the energy industry; Iberdrola itself, as decisions made in the
workflow will directly impact the company’s profits and growth; and The renewable
energy industry as a whole, as repeated failures in renewable energy systems can
reduce overall trust and support for such efforts.

6. ML developers on our team conducted the data and modeling tasks described in the
previous section.

Throughout the rest of the development process, we ensured that our ML tool was tuned
for the specific decision-maker and bridge teams identified.

7.2.1 Process

Having formally identified the people involved in wind turbine monitoring, we continued our
interviews to better understand the decision-making process. The following describes our
findings:

Step 1. The MA team looks at data, ML outputs, and other sources (such as our usable
ML tool) to identify turbines that may experience brake pad failure or other po-
tential problems. They filter and prioritize these alerts, and send those that pass a
threshold of urgency to the OM team for further investigation. Additionally, they
compile summaries of less urgent information, such as general trends, less urgent in-
spections, and areas for improvement, and send these to the OM team on a monthly
basis.

Step 2. The OM team looks at alerts and summaries and determines what inspections,
maintenance, and other tasks need to be done on the turbine fleet. They then work
with the appropriate site teams to make an action plan.

Step 3. The appropriate site team hires contractors to carry out the repairs and other
tasks. For example, this may involve contractors going up the turbines for physical
maintenance.

Figure 7.2 summarizes the process. In particular, we are focused on the decision problems
faced in steps 1 and 2 by the MA team and the OM team: identifying turbines that need
attention in order to avoid brake pad failures. Generally, decisions are made on the order
of days, rather than minutes or hours. The risk associated with decisions, however, is fairly
high, as in-person inspections are dangerous and expensive and the cost of brake pad failures
is high. The ML output (the likelihood of brake pad failure) is proxy information to the
actual decision problem; it does not make a recommendation of when and whether to inspect
turbines.

115



yes

Urgent 
alerts?

Decision support
system used

SCADA data for 
new time period

comes in

MA team 
investigates 

alerts

Alert OM team

Compile 
summary of 

turbine status

OM team investigates
summary and other

information

Site team and 
contractors carry out

inspection and repairs

Figure 7.2: Summary of the wind turbine monitoring process.

7.3 Developing Usable ML Interfaces

We used Sibyl to set up a ML tool for wind turbine brake pad monitoring. Based on
our findings from our interviews and context-understanding sessions, we used the context
configuration shown and discussed in depth in Figure 7.3.

In this section, we introduce the interfaces that made up the ML tool we evaluated for
this application.

7.3.1 User Feedback

Throughout the development process, we met regularly with our collaborators at Iberdrola to
get feedback on our ML tool. Feedback we believedto be application-specific we incorporated
into the configuration process for Sibyl; feedback we believed would generalize we integrated
into Sibyl’s general implementation. As we describe our interfaces in the following sections,
we bring in the feedback we received throughout the process and the design choices we made
to address this feedback, which aided our ability to address of RQ2.

7.3.2 Interfaces

We elected to run our evaluations on the following interface types, though we intended to
reduce this set based on evaluation results.

Prediction Summary

One piece of feedback we received early in the development process was that it was important
for users to be able to quickly identify turbines that were predicted to experience failures,
and the predicted times of these failures. This application involves ML models predicting
on many turbines at many lead times, so it is easy to lose track of failure predictions. To
this end, the Prediction Summary interface visualizes ML outputs over all turbines and lead
times, and allows users to filter to see only turbines that have failures predicted at any time.
This visualization is shown in Figure 7.4
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1 # Model prediction type
2 output_type: boolean
3 # The label corresponding to a positive (True) prediction output
4 output_pos_label: failure
5 # The label corresponding to a negative (False) prediction output
6 output_neg_label: normal
7 # Increased model predictions correspond to a negative outcome (brakepad failures)
8 output_sentiment_is_negative: True
9 # Whether to each entity has multiple observations

10 use_rows: True
11 # Label to use for observation rows
12 row_label: "Timestamp"
13 # Whether to allow users to see prediction probabilities in addition to class
14 show_probs: True
15

16 # Context-specific overrides for common terminology
17 terms:
18 entity: "Turbine"
19 prediction: "Predicted Outcome"
20 positive: "Risk" # As in features that increase model prediction
21 negative: "Protective" # As in features that decrease model prediction

Figure 7.3: Context configuration used for the wind turbine monitoring application. Lines
1-8 set configurations related to the ML output. Specifically, the model predicts True if the
turbine brake pad is expected to fail at some target time, and False otherwise; therefore,
higher predictions (closer to 1) correspond with a negative sentiment. Lines 9-12 specify
that entities (turbines) have multiple observation rows (timestamps) and that all rows should
be shown in the interfaces. Lines 13-14 specify that in additional to the class prediction
(Normal/Failure), the probability of failure should also be shown, as our interviews suggested
this would be useful information. Lines 16-21 define context-specific terminology to use.

Explore a Prediction (Feature contributions)

This interface delves into individual predictions made by the model on specifics turbine–lead-
time combinations, highlighting the contributions of each feature. As in the child welfare
application, positive contributions (representing a higher chance of failure) are visualized
in red and labeled as Risk features, while negative contributions are blue and labeled as
Protective features. Per user feedback, a legend explains these colors, using clear language
(i.e. towards failure as predicted outcome, rather than positive contributions). Users can
filter by feature category, each of which corresponds to a different turbine component and
data source, and search for specific features. By default, features are sorted by largest
absolute contribution — but users can also elect to visualize only Risk or Protective features,
or see both side-by-side, as was found helpful for child welfare screeners.

Based on feedback from collaborators, we also added the ability to directly pull up the
feature-level explanation for any feature directly from this interface. Interactions like these
enable faster and smoother interface use. We describe this feature-level explanation in more
depth in the About the Model section below.

117



Figure 7.4: Snippet of the Prediction Summary interface for brakepad failure prediction.

Compare Observations

This interface allows users to see how a turbine’s feature values and ML outputs compare
at different times — in other words, it allows users to compare values between different
observations on a turbine. This is the first of two interfaces we added with the objective
of helping users understand what caused the model prediction to change over time — in
particular, between predictions of no failure and predictions of failure. This interface, like
the Explore a Prediction interface, shows feature contribution changes, although it also
highlights which features’ contributions changed significantly between times. This allows
users to quickly identify features that are more likely to correspond to brake pad failures, as
these are the features that result in the most significant change in ML output.

In response to user feedback, we added the ability to compare different turbines at the
same moment in time. Such comparisons allow users to investigate specific turbines that
they know to be relevant.

Change Over Time

To help users track changes in ML outputs over time even more easily, we also added a
second interface, the Change Over Time interface. This plots the ML output at different
lead times, as well as the change in contributions of various significant features over those
time frames. Users can elect to see the features with the largest absolute contributions, the
features with the highest risk or protective values (largest or smallest contributions), or the
features whose contributions change the most between different lead times.

This interface allows users to investigate how models trained to predict to different lead
times treat features differently, and to see which features correlate most with changes in ML
output.
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Figure 7.5: Snippet of the Sibylapp "Explore a Prediction" interface for wind turbine mon-
itoring.

Experiment with Changes

With this interface, users can simulate changes to feature values to see how the ML output
would change under different circumstances. They can select up to 5 features at once and
investigate how the ML output would change if those features had different values. As in
the child welfare screeniapplication, This interface, was added with the goal of allowing
users to help reconcile their disagreements with the model by testing out their hypothesized
understanding of its logic.

Understand the Model

This interface provides a deeper dive into the ML model itself with three sub-interfaces. The
first shows the overall global importance of all features. Based on feedback from collabo-
rators, we additionally added a global feature contribution sub-interface, which separates
out the average contributions over the entire dataset into positive and negative components.
This allows users to identify features that tend to push the model prediction up or down
across the training dataset. Finally, we added a feature-level exploration sub-interface, which
shows the distribution of values and the contributions of each feature across all its values in
the dataset. This allows users to better understand the full range of how individual features
contribute to the ML output.

Edit Features

We created the feature names and categories, using a code-book and initial feedback from
our collaborators on the MA team. However, future users are likely to prefer different terms
or categorizations, as was pointed out to us during one feedback session. The Edit Feature
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interface allows users to update feature descriptions and categories in the database to improve
the readability of Sibyl as a whole.

We did not include this interface in our initial evaluation, as we were already using
feature descriptions and categorizations selected by the MA team and wanted to keep our
evaluations focused on day-to-day tasks.

Settings

The Settings interface provides some interface configurations to support specific user needs,
such as offering alternate color schemes, reducing the size of the training database to improve
performance, and changing the interfaces displayed (see the last section of Table 6.2). For
consistency, we did not include this interface in our formal evaluation.

7.4 Evaluation

In complex domains, evaluating the real-world impact of ML tools is challenging [13], [87].
As we learned from our past study in child welfare screening, formal user studies , while
valuable for gaining general understanding of how ML tools are used, may be ineffective for
evaluating their real-world benefits. User studies are often held in unrealistic lab settings,
and require additional time and attention from users — time that often must be given
outside of work hours. Additionally, formal user studies cannot capture the full spectrum of
complexity involved in real-world decision problems. At the same time, studying within a
simulated environment can make it easier to isolate certain aspects of ML tool use, and ML
tools must be validated before being deployed. Therefore, at this stage we evaluated our ML
tool for wind turbine monitoring with a realistic simulated case study.

In this work, we focus on three evaluation metric categories, addressing our final three
research questions:

1. Feedback metrics (RQ2): What feedback did users have about the ML tool? These
metrics were collected using retrospective surveys.

2. Usage metrics (RQ3): What interactions did users have with the ML tool? These
metrics were collected through the Sibyl-API logging endpoints.

3. Decision metrics (RQ4): How did the ML tool influence decision-making for the
wind turbine brake pad monitoring? These metrics were collected by asking users to
make decisions using the tool, and then analyzing those decisions.

These metrics are elaborated on in Table 7.2.
We ran a simulated case study based on real historical data, and recorded our results on

these three metric types.

7.4.1 Method: Simulated Case Study

We assembled an experimental dataset of 20 turbines taken from the training dataset. This
set of turbines was intentionally selected to include a diverse set of turbines, including 1)
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Table 7.2: Summary of Sibyl evaluation metrics for brake pad failure prediction simulated
study.

Metric Category Primary Question Example Metrics

Decision metrics How does usable ML impact
decision-making?

Which turbines were included in alerts (with what prediction pat-
terns)?
What information from the usable ML interfaces was included in sum-
maries?

Feedback metrics What feedback did users
have about Sibyl?

What information did users find useful or useless?
What information did users think was missing?
What did users find confusing?
What interactions did users wish were available?

Usage metrics How did users interact with
Sibyl?

What search, filter, and sort options did users use?
What turbines did users investigate on each page?
What feature modifications did users experiment with?
How much did users use each page?

turbines that were predicted to fail across the entire considered timeframe (1 turbine), 2)
turbines that were predicted to start failing at some point during the considered timeframe
(2 turbines), 3) turbines that were predicted to fail but then shift to normal at some point
during the considered time frame (9 turbines) and 4) turbines that were not predicted to fail
at any time during the considered timeframe (8 turbines).

We then recruited 2 wind turbine analysts from the collaborating MA team and asked
them to use the ML tool, with this selected turbine set loaded in, for 40 minutes. We
asked them to review the turbines as they would in their regular work, to answer a series
of questions about decisions they would make using the tool, and to provide additional
feedback.

Results: Decision Metrics

After the analysts familiarized themselves with the ML tool, we asked the following questions
to track decision metrics:

1. What information would you include in a summary to send to the appropriate teams?

2. What, if any, urgent alerts would you send?

3. What other information would you look into when assembling your summary?

For each question, we asked for open-response answers. We concluded that the information
shown in the ML tool did not provide sufficient reason for the analysts to want to send any
urgent alerts — this was not unexpected, as such alerts tend to be rare and consequential,
and as such we would expect the analysts to look into more familiar sources of information
before making such a decision.

P1 reported that they would not include any information from the explanations in sum-
maries to the OM team, as they would not wish to reveal the model’s inner workings to
collaborators until more trust in the system has been gained. This finding indicates that the
ML augmentations are primarily being viewed as explanations in the traditional sense (ie.,
explaining how the ML model works), as opposed to providing additional information that
is revealing in itself. We discuss this further in the discussion section.
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P2 indicated that they would include information about turbines with predicted brake pad
failures, a list of components reported to be relevant (feature categories), and a comparison
of the feature values for these components in turbines predicted to fail vs. other turbines in
the wind farm.

For question 3, P1 did not specifically list any further information. P2 emphasized a desire
for an uncertainty measure on the ML output as well as an explanation of this uncertainty;
we consider this interaction (I14), but did not include it in the interfaces provided at this
stage.

Feedback metrics

Throughout the simulated case study, we recorded comments and feedback given by the
analysts about the ML tool. After the analysts spent 40 minutes working with the tool and
making decisions, we also asked a series of retrospective questions, in order to track feedback
metrics:

1. On a scale from 1-5, where 1 means not useful at all and 5 means very useful, how
would you rate each page in the tool?

2. Was there any information you would have liked to see that you did not find within
the tool?

3. What information did you find confusion?

4. Were there any other kinds of interactions you would have liked to see?

5. Do you have any other feedback?

Figure 7.6 summarizes the usefulness scores given by participants to each of the inter-
faces in the ML tool. Participants felt that the interfaces overall were very useful, scoring
three interfaces (Prediction Summary, Explore a Prediction, and Understand the Model) as
“extremely useful”, and two interfaces (Experiment with Changes and Change over Time)
as better than “very useful” on average. One participant reported not using the Compare
Times interface.

We received some feedback about designs and interactions that we believe is generally ap-
plicable to usable ML. Even though our tool used domain-specific terms to refer to concepts
such as entities, features, and positively/negatively contributing features, certain concepts
remained confusing. Thinking about features as having both values and contributions was
confusing, especially since the values of the aggregated features were not especially meaning-
ful to the analysts. This finding suggested that we should add another configuration to our
list — flexibility around whether to show feature values at all, as well as whether to show
raw data. For some applications, including this one, feature values are not interpretable even
with Pyreal, and may be best left out or shown in the form of the original time series.

Well-selected interactions between interfaces are valuable. For example, the analysts liked
that they were able to quickly get feature-level explanation plots from the Explore a Predic-
tion interface, allowing them to better understand how the model used highly-contributing
features. Other interactions between interfaces were requested, such as the ability to more
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Figure 7.6: Summary of reported usefulness of each Sibyl interface in the simulated case
study. The average score considers “did not use” as a score of 0.

directly see change-over-time explanations in the Prediction Summary interface. Partici-
pants were surprised that ML outputs shifted from failure to normal during the observed
timeframe, and wanted to more easily access a simple explanation for why that might be.

As described above, some challenges for feature interpretability still remain. Because
our features were aggregated from time series signal data, features from the same signal
sometimes had very different contributions depending on the aggregations, which confused
the wind turbine analysts. One possible way to address this problem, especially since we
found that feature values were not used directly, is by combining the contributions across
different signal aggregations into a single contribution per original signal, and either not
showing the values at all or showing a simplified signal visualization.

Usage metrics

Finally, to enable deeper investigation into how the ML tool was used, we set it up to log
all the interactions the team had with the tool, which we recorded as the usage metrics. For
example, we investigated questions such as:

1. How many times each interface was accessed, and for how long

2. What filters, sorts, searches, and other interactions users applied

3. What the wind turbine analysts looked at on each interface, including how much they
interacted with turbines predicted to fail compared to those not predicted to fail.

Figure 7.7 summarizes the time spent on each interface during the simulated case study.
Participants spent the most time looking at the overall summary of ML outputs (Prediction
Summary), as well as exploring individual outputs (Explore a Prediction). Contrary to our
hypothesis, participants spent significantly less time on time-comparison interfaces.
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Figure 7.7: Summary of distribution of time spent on each interface during the simulated
case study. Overall, participants spent the most time exploring individual predictions and
prediction summaries.

Here, we summarize the filters and searches used:

• Participants engaged in many of the interactions listed in Table 6.1; specifically, I1
(getting information about turbines), I2 (searching and filtering feature values), I5
(obtaining and investigating ML outputs), I6 (investigating local explanations), I7
(investigating global explanation), and I12 (investigating trends in historical data used
to train the model). They also reported that in long-term use, they saw value in I22
(updating feature names to match terms used by individual users).

• We also analyzed feedback and usage to determine whether any desired interactions
were not included in Table 6.1. The analysts reported that they would like the ability to
flag specific features, so that they can more easily find or filter for them on explanations.
They also reported a desire to see some degree of data lineage; in other words, to be
able to access to the original signal values that features were aggregated from, in order
to address specific questions. Finally, at times, the analysts had further questions
about why the model behaved in a certain way, considered some value to be useful, or
was uncertain about certain predictions. Providing such second-level explanations is a
promising future area of work, which we discuss further in the discussion section.

• Participants took advantage of the ability to filter features — particularly filtering the
Prediction Summary interface to focus only on turbines with failure predicted, and
filtering the Change Over Time interface to focus on features that most contributed to
changing ML outputs.

• We did not see much searching of features. This may have been because the participants
did not know enough about the information used to be interested in specific features,
or because the feature category filters fulfilled this need.

• Participants spent more time looking at information about turbines without failures
predicted. However, this may been skewed by participants spending exploratory time
on turbine WK001, which had no failures predicted. Filtering out results from this
turbine, participants spent significantly more time on turbines predicted to fail - 17
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minutes on failing-turbine-specific explanations, compared to 1.33 minutes on normal-
turbine explanations. With or without turbine WK001, participants engaged in signif-
icantly more actions related to failing turbines, with 103 actions (including filtering,
sorting, experimenting with changes, switching between interfaces, etc.) on failing
turbines compared to 68 on normal turbines (and only 7 if not considering turbine
WK001).

Overall, we see evidence that the wind turbine analysts took advantage of many of the
interactions offered by the ML tool, especially on turbines predicted to fail. However, more
work is needed to prune down the less useful information within the tool, and to further
improve the interpretability of the features shown.

7.5 Discussion

Here, we discuss a few key findings from this work developing a ML tool for wind turbine
monitoring that likely extend to usable ML development work in general.

Participants treat ML tools as providing explanations (meant to explain the
ML model) rather than augmentations (meant to provide additional information
that is helpful on its own). Throughout feedback sessions and user studies, we often used
the word “explanation” to describe what we were providing — after all, the work we did was
based on the explainable AI literature, and showed the results of explanation algorithms.
However, findings in both this and the child welfare study suggested that framing information
in this way resulted in decision-makers interpreting and using the ML tool differently than
we had intended. Our objective was not to allow people to understand how the ML model
predicts outputs, nor to justify these outputs, but rather to provide additional information
that would be helpful for decision-making, per our definition of “usable ML.” In the case
of wind turbine monitoring, our hope was that the ML tool would allow data analysts to
provide richer, more useful summaries to other teams by helping them to pinpoint possible
causes of predicted brake pad failures or to highlight components of interest. Instead, the
analysts looked at the tool as a way of verifying and understanding the model itself. Going
forward, we suggest that researchers be very careful about their language and push further
towards interpretable explanations. Further work into developing and explaining causal ML
models may also help with this goal.

We uncovered some potentially valuable interactions and configurations that
were not described in our system. As elaborated in our results section, we found a few
interactions and configurations that should be added to Tables 6.2 and 6.1, as summarized in
Table 7.3. These findings suggest interesting future directions for the development of Sibyl.

For example, wind turbine analysts requested a way to flag interesting features, in order
to easily find them across the ML tool. We also saw some evidence that the analysts wanted
access to a richer data lineage — even though explanations were given in terms of tabular
features, the analysts sometimes wanted to inspect the original signal those features were
aggregated from. While providing this signal by default may result in cognitive overload,
one possible extension to Sibyl may provide an option to investigate the full signal, or to
assign the contributions in terms of the original signal, as in [41]. This is also a potential
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Table 7.3: List of interactions and configurations that should be added to Sibyl, based on
the findings in the wind turbine case study.

Model Use, Vetting, and Understanding

I28 Look into sections of the raw data that specific features were computed from
I29 Provide more information about why the model does or does not use different

features
I30 Explain why the model is more or less certain about different outputs, i.e.

“explain the uncertainty,” as in [88]

Logging and Annotating

I31 Flag features of interest

Entity Configurations

C16 Indicate whether to show featurized values, raw data, or both

configuration worth adding — whether to show original raw values, featurized values, or
both. Finally, as with the child welfare screeners, the wind turbine analysts showed some
evidence of wanting further justification for why and how certain features may matter. One
possible approach to providing richer explanations is through the use of large language models
(LLMs), as explained in Chapter 9.

Getting good feedback is challenging. One challenge in this case study was how
to get rich, useful feedback from a limited participant pool with limited time. Asking for
feedback outright tends to result in vague or generically positive descriptions, particularly
when working with long-term collaborators. Finding real feedback requires observing real or
realistic decision-making tasks, forcing participants not only to consider information, but to
use and synthesize it.

Effectively evaluating the real-world impact of of a ML tool requires carefully
selecting and tracking key performance indicators (KPIs). In this thesis, we did
not deploy the ML tool to evaluate; doing so would be a valuable extension. When we do
evaluate the real-world impact of the ML tool, we plan to do so in terms of real-world KPIs.
Here, we introduce some possible metrics.

Iberdrola’s highest-level objective is to improve the efficiency of their turbines. More
specifically for the brake pad failure case study, the objective is to reduce the downtime
and failure frequency of turbines, while also reducing the number of unnecessary turbine
inspections. However, the metric of total turbine downtime encompasses many factors,
making it very difficult to isolate the effects of an individual intervention (such as a ML
tool). A more focused KPI, directly related to the intervention, would be more practical.

One possibility is to track the total number of brake pad failures that occurred in turbines
during a set time frame, compared to the number of alerts that were sent by the MA team to
the OM team team during the same time frame. However, actual brake pad failures are rare
(around one per month across all turbines), so it may not be possible to achieve sufficient
statistical power during a practical window of evaluation time.

Instead, we plan to evaluate based on one of the MA team’s existing KPIs — the portion of
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alerts sent to the OM team that are deemed interesting enough to merit further investigation.
This is a practical metric that is easy to track, and has been shown by the company to
correlate well with turbine efficiency. It also allows us to evaluate the ML tool within the
existing evaluation scheme used by our collaborating company.

In general, the primary future extensions from this work are to clean up the ML tool
based on feedback from the wind turbine analysts, and then to evaluate the tool’s real-world
impact on KPIs.
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Chapter 8

Explingo: System for Generating and
Validating Natural-Language AI
Explanations

Past work [89], [90] has suggested that some users may prefer explanations in a natural
language format — what we refer to in this paper as narratives. (Fig. 8.1 shows an example
of a narrative.) Such narratives offer many benefits: they align with how humans naturally
communicate, allow users to quickly glean key takeaways, and are a first step in enabling
interactive conversations where users can better understand models by asking follow-up
questions.

Large Language Models (LLMs) offer a promising way of generating such narratives.
Past work has suggested different ways to do so. Some work [91], [92] uses LLMs directly to
explain ML predictions, without use of traditional XAI algorithms. While these approaches
offer promising paths towards novel explanations, they also risk introducing inaccuracy or
hallucination in explanations. An alternative approach, and the one we focus on in this
paper, is to use LLMs to transform existing ML explanations generated using traditional,
theoretically grounded XAI approaches into readable narratives.

We seek to address two primary research questions:

1. Can LLMs effectively transform traditional ML explanations into high-quality narrative
versions of explanations?

2. How do we evaluate the quality of these narratives?

We address these questions with our two-part Explingo system. To address the first
question, we develop an LLM-based Narrator that transforms SHAP explanations from
diverse datasets into narratives. We then investigate what metrics may be of value to assess
the quality of narratives, and auto-grade the generated narratives using our Grader to
address the second question. Automatically grading narratives is helpful not only for tuning
and evaluating the system, but also for sure as a guardrail in deployment by hiding any
narratives that are not of sufficient quality.

We note that users across different domains may have significantly different preferences
for how these narratives should look. Some factors — like the fact that narratives should
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Explanation: (Living area square feet, 2090.00, 16382.07), (Second �oor square feet, 983.00, 16216.99)
Explanation format: (feature_name, feature_value, SHAP feature contribution)
Context: The ML model predicts house prices

Explanations

You are helping users understand an ML model’s prediction. Given an explanation and information about the model, convert
the explanation into a human-readable narrative.

Base prompt

Follow the following format.
Context: What the ML model predicts
Explanation: Explanation of an ML model’s prediction
Explanation format: Format the explanation is given in
Narrative: Human-readable narrative version of the explanation

De�nitions

Output
instructions

Please provide the output �eld Narrative. Do so immediately, without additional content before or after, and precisely as the
format above shows. Begin with only the �eld Narrative.

Narrative: The 2090 sq ft living space increases the predicted house price by about $16,400, while the presence of a second 
�oor with 983 square feet adds approximately $16,200 to the price.

LLM-generated
narrative

Figure 8.1: Sample Narrator inputs and outputs. The items in blue make up the prompt
passed to the Narrator to transform ML explanations into narratives for a house-pricing
example. The item in green is a narrative the Narrator LLM may generate based on this
prompt. Some components, like the output instructions, are provided by DSPy [93].

accurately represent the original explanation and not be unnecessarily long — are fairly
universal. On the other hand, other factors are highly subjective. Some users may wish for
a narrative that includes very precise and technical details, while others prefer more general
information. In this paper, we aim to generate narratives that match the style of some small,
user-provided exemplar dataset of narratives. Our objective is to create a system where, for
any new application, a user can write a small number of sample narratives (around three
to five) and get high-quality narrative versions of future ML predictions that mimic the
linguistic style and structure of those samples.

Our key contributions from this work are:

• We present our Narrator system that transforms ML explanations into user-readable
narratives.

• We develop an independent, automated Grader system that assesses the quality of
the generated narratives.

• We curated a sample set of nine exemplar datasets that contain narratives using four
public datasets, that can be used for future narrative generation tuning and evalua-
tion work. These datasets are public and can be accessed here: https://github.com/
sibyl-dev/Explingo.

• We provide a comprehensive set of experiments to demonstrate the impact of differ-
ent prompting and few-shot strategies on narrative generation, and evaluate potential
sources of reduced narrative quality.

• Our system has been integrated in Pyreal.
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8.1 Background

Past work has aimed to apply LLM’s language-processing capabilities to XAI problems in
different ways. Some work [94]–[96] has focused on using LLMs at the input stage, taking
in user questions and generating appropriate explanations to answer them. Other work [91],
[92] has sought to use LLMs directly to generate explanations of model logic.

In this paper, we instead build on work seeking to transform existing ML explanations
into readable narratives. Burton et al. [97] used an LLM fine-tuned on a dataset of natural-
language explanations to produce fluent and accurate narratives. Guo et al. [98] proposes
a few-shot table-to-text generation approach that uses unlabeled domain-specific knowledge
to convert tables into natural-language descriptions. We extend these works through an
alternative scoring method based on a specific set of metrics, and use an approach based
purely on a mix of manual and optimized prompting.

Past work [99]–[102] has also looked into using LLMs to evaluate LLM outputs, in order to
reduce effort and time required from a potentially small group of human users. Fu et al. [103]
found that GPT-3 was able to effectively evaluate the quality of LLM-generated text based
on a wide variety of metrics such as correctness, understandability, and diversity. Wang et al.
[104] similarly found that chatGPT is able to achieve state-of-the-art correlation with human
graders. Liu et al. [105] found that advanced prompting techniques such as chain-of-thought
prompting can further improve correlation between LLM and human grades. We applied
these insights to optimize and evaluate our LLM-generated narratives using an LLM-based
metric grader, eliminating the need for human graders and enabling evaluation across a wider
range of domains without relying on domain experts.

8.2 The Explingo System: Narrator and Grader

To transform XAI explanations into narratives, the Explingo system includes two sub-
systems: 1) Narrator: a system to transform traditional explanations of ML model pre-
dictions into accurate, natural narratives. 2) Grader: a metric grading system to assess
the quality of narratives.

8.2.1 Narrator: Transforming ML Explanations to Narratives

Transforming traditional ML model explanations into readable narratives offers several po-
tential benefits. First, these narratives allow key takeaways to be read quickly. Second, they
are often the most natural format for parsing information for many users, who may prefer
them to graphs or have difficulty understanding graphs that are not visualized effectively.
Finally, offering narrative versions of explanations is the first step to allowing for full “con-
versations” with ML models, with users able to ask follow-up questions in natural-language
and receive answers in kind.

The Narrator is build on an LLM model, in our case GPT-4o, that is prompted to
generate a narrative. The basic prompt is composed of four components: a base prompt, a
definition of the input component structure, three specific explanation components (the ML
explanation, the explanation format, and the context description), and output instructions.
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The prompt is then concluded with Narrative: invoking the LLM to start narrating. The
first four blocks in Fig. 8.1 show an example prompt that follows this structure. As described
in depth later, we additionally pass selected exemplar narratives that help the Narrator
customize its narratives for specific applications.

The ML explanation — for example, a SHAP feature contribution explanation, as
we focus on in this paper — is generated using some external library. We then parse this
explanation into a consistent format, depending on the explanation type. For the SHAP
explanation, we select the N most contributing features by absolute value, and parse them
in sorted order into the following format:
(feature name 1, feature value 1, SHAP contribution 1), (feature name 2, feature value 2,
SHAP contribution 2), . . .

In addition to the explanation, the narrator takes in a brief explanation format de-
scribing how to parse the given explanation. Passing this format description separately
makes the system generalizable to any kind of ML explanation that can be expressed in
text. Moreover, it allows the explanation to be customized for additional information to be
passed.

Finally, we write a brief description of the context of the explanation — generally, what
the ML model being explained is predicting. For SHAP explanations, this helps provide
units to the contributions.

The last box in Fig. 8.1 shows an example of the Narrator’s output narrative.
Once the Narrator generates narratives, we want to assess if these narratives are high-

quality and expressing the right information. This is where the Grader plays a role.

8.2.2 Grader: Assessing the Quality of Narratives

To assess the quality of narratives, we adapted metrics proposed in [87], which include:

• Accuracy : how accurate the narrative is to the original ML explanation.

• Completeness : how much of the information from the original ML explanation is
present in the narrative.

• Fluency : how well the narrative matches the desired linguistic style and structure.

• Conciseness : how long the narrative is considering the number of features in the
explanation.

While there are other metrics that can be included, for the presentation of the Grader,
we focus on these four. The challenge with these metrics is that they are time consuming to
manually compute, and manual assessment could introduce human bias into the evaluation.

Our Grader automatically evaluates the quality of the narrative by prompting an in-
dependent LLM, GPT-4o in our case, to consider the ML explanation and the generated
narrative and assign a value to the respective metric. Fig. 8.2 shows an example of a
Grader prompt evaluating the accuracy metric. In summary, it takes in the input and
output of the Narrator along with a rubric criteria, and comes up with a score depending
on which metric it is asked to assess. In Fig. 8.2, the grader return will return either 1,
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Table 8.1: Summary of exemplar datasets. In the Ames Housing Dataset [72], each row
represents one house, with 79 input features. The label to be predicted is the price the
hold sold for. The Student Performance Dataset [73] includes 30 features, and each row
represents a student. The label to be predicted is whether the child will pass or fail a
class. The Mushroom Toxicity Dataset [106] has 22 features about different specifies of
mushrooms, and the predicted label is whether the mushroom is poisonous or not. Finally,
the PDF Malware Dataset [107] has 37 features about different PDFs, and the prediction
label is whether the PDF contains malware.

ID Dataset # of Entries Sample Narrative

House 1 Ames Housing 35 The relatively smaller above ground living space in this
house reduces its predicted price by about $12,000. The
lower-than-average material rating also reduced the house
price by about $10,000.

House 2 Ames Housing 22 The SHAP value indicates that the house price decreases
because the above ground living area is 1256 sq ft and the
material quality is rated 5.

House 3 Ames Housing 22 This house is cheaper because it has less above ground liv-
ing space (size=1256) and has lower material quality (rat-
ing=5).

Mush 1 Mushroom Toxicity 30 This mushroom is more likely to be poisonous because its
foul odor, silky stalk surface, and chocolate spore print
color. Be careful!

Mush 2 Mushroom Toxicity 30 The absence of odor and broad gill size suggest the mush-
room is less likely to be poisonous, but the brown spore
print indicates a higher risk of toxicity.

PDF 1 PDF Malware 30 The PDF file is more likely to contain malware because it
has a larger metadata size (262 KB), a larger total size (74
KB), and no Javascript keywords.

PDF 2 PDF Malware 30 The large metadata size (180 KB), the large total size (7
KB), and fewer objects suggest the PDF contains malware.

Student 1 Student Performance 30 We believe this child is less likely to pass because they do not
have family support, and we have seen that male students
tend to be more likely to fail.

Student 2 Student Performance 30 The lack of family support, and the sex (male) suggest the
student is less likely to pass the class. But, the lack of
a romantic relationship indicates an higher probability of
passing.

indicating an accurate narrative, or 0 for an inaccurate narrative. Straight out-of-the-box, it
can be difficult for LLMs to produce the exact desired output. Section 8.4 goes into details
about how we tuned, validated, and used the Grader system.

Putting effort into developing and validating a Grader system offers several benefits.
A well-validated grader can quickly adapt to a large variety of domains and dramatically
reduce human-effort required to evaluate narratives. It can also be used as part of the fine-
tuning process, as certain LLM optimization functions like bootstrapping few-shot examples
optimize based on automated evaluation functions. Finally, and perhaps most importantly,
a well-validated grader can be used as a guardrail in live deployment scenarios — rather
than risking showing inaccurate or low-quality narratives to users, a system can automati-
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cally revert to the default, graph-based ML explanation in situations where the generated
narrative scores are unacceptable.

It is worth noting that in previous work, metrics such as METEOR [108] have been used
to evaluate LLM output quality. However, to compute these metrics, we need a ground-
truth label for every narrative. In real-world settings, we do not have these labels available,
making it impractical in deployment. With Grader, we alleviate this barrier.

8.2.3 Using Explingo for a New Application

Having defined our two subsystems, we now describe the steps a user will take when applying
Explingo to a new ML decision-making problem1. We will consider a sample application
of a user wishing to apply Explingo to the task of house valuation. We assume the user
has a ML model trained to predict house prices.

1. The user generates a set of five SHAP explanations, explaining the model’s prediction
five (ideally diverse) different houses. For each of these explanations, the user assembles
an exemplar by parsing them into the format described in the Explanations box of
Fig. 8.1.

2. For each exemplar, the user manually writes a short narrative describing the expla-
nation in the desired style. For example, for an explanation of (neighborhood, Ocean
View, 12039), (construction date, 2018, 3204), the user may write a narrative like This
house is expected to sell for more than average due its prime location in Ocean View
and because it was built fairly recently, in 2018.

3. The user adjusts the weighting of the Grader metrics according to their needs; for
example, they may choose to value accuracy higher than fluency.

4. The user can now pass explanations into the Narrator, and get back narrative ver-
sions of these explanations. They can show these narratives to prospective homebuyers,
real estate agents, or other stakeholders interested in understanding house prices.

5. Optionally, the user may set up the guardrails process. In this case, they will pass
the generated narratives into the Grader. Any narrative that does not achieve some
threshold score will be rejected and not shown to stakeholders.

Other than potentially adjusting metric weighting, the user does not need to customize
the Grader for their application. Similarly, the only customization required for the Narra-
tor is to pass in a small set of exemplars; the Narrator automatically uses these narratives
to generate narratives in the desired style that achieve high scores on the weighted metrics.
We designed both subsystems to be application-agnostic and validated them on multiple
diverse applications

We now dive deeper into the Explingo framework.
1We have integrated this process in the Pyreal library, described in more detail in Section 8.7.1, which

removes the manual effort required to generate and format explanations.
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Table 8.2: Summary of metric validation datasets for the accuracy and completeness metrics.
For accuracy, we include both complete and incomplete narratives to ensure they are both
be rated as accurate.

Metric Type Rubric Grade Count

Accuracy Accurate with all values 1 16
Accurate with some values 1 9
Accurate with approximate values 1 9
Error in values 0 8
Error in contribution direction 0 8
Total 50

Completeness All features, values, and contributions 2 10
All features, values, and contribution
directions

2 5

All features, but not all values or
contribution directions

1 17

Missing one or more features 0 18
Total 50

8.3 Exemplar and Evaluation Datasets

Narratives can be written in numerous ways and the desired style of narratives is highly
subjective. Therefore, we introduce the concept of an exemplar dataset, which is a small
dataset provided by the user containing high-quality examples of narratives. We steer both
the Grader fluency metric and the Narrator based on these exemplars.

For this work, we created nine datasets to take exemplars from and to use for evaluations.
We started by picking four publicly available ML datasets. We selected these datasets to
include a wide variety of contexts ranging from predicting prices of houses to predicting
toxicity of mushrooms. From these we created exemplars. To create an exemplar dataset,
we pick a data point and form an entry. Each entry represents one model prediction on one
data point. Each entry includes a SHAP explanation, an explanation format descriptor, and
a brief context sentence describing what the model task is (e.g. predicting house prices).
Our nine exemplar datasets are summarized in Table 8.1.

Hand-written narratives: For each exemplar dataset, we picked a few entries and cre-
ated hand-written narratives given their SHAP explanations. These narratives were written
by different authors and had a distinctive writing style. Different contexts (i.e., what model
predicts) require some amount of customization to achieve the best possible narratives au-
tomatically from an LLM. These hand-written narratives thus become a foundational piece
in our system. To use our system for a new context (a new model), the user creates a few
entries and writes narratives with their preferred style and structure. These entries can then
be used to optimize our system to provide better narratives specific for the context and users’
preferred narration style.
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Explanation format: (feature_name, feature_value, SHAP feature contribution)
Explanation: (Living area square feet, 2090.00, 16382.07), (Second �oor square feet, 983.00, 16216.99)
Narrative: The 2090 sq ft living space increases the predicted house price by about $16,400

Inputs

Follow the following format.
Question: ${question}
Narrative: ${narrative}
Rubric: ${rubric}
Assessment: A single number from the options in the rubric. Provide only a single number with no other text.

De�nitions

Question:
How accurate is the information in the narrative, based on the explanation given? A narrative can score 4 even if it is missing
information as long as everything in the narrative is correct. Make sure the contribution direction is correct - positive
contributions increase the output, negative contributions decrease the output.

Rubric: 0 - Contains one or more errors in value or contribution direction. 1 - Contains no errors, but may be missing
information.

Metric Question

Chain-of-thought
instructions

Start by listing out all the features in the narrative, and then for each one compare it to the explanation to ensure its value
and contribution are approximately correct

Assess a narrative based on a rubric.Base Prompt

Assessment: 1

The features in the narrative are living area square feet. The narrative correctly describes the value of the living area
(2090 sq. ft.). The narrative correctly describes the contribution of this feature as increasing the prediction.

LLM-generated
chain-of-thought

LLM-assigned
grade

Figure 8.2: Prompt passed to the Grader to compute the accuracy metric. Experiments
suggested that asking for a grade from a 2-point rubric resulted in better performance than
a simple yes/no question. We saw that the Grader incorrectly considered narratives that
were accurate but did not include all feature values from the input explanation as inaccurate,
and regularly did not notice when contribution directions were wrong if the values were
correct. We added explicit instructions to the prompt for these two scenarios accordingly.
Finally, we determined that using a chain-of-thought prompting approach further improved
the Grader’s ability to correctly score accuracy.

8.4 Automated Grading of Narratives

In this paper, we focus on generating narratives that are optimized on four metrics: accuracy,
completeness, fluency, and conciseness.

Scoring conciseness is a straightforward computation based on word-count; the other
metrics were graded using a GPT-4o LLM. We had the LLM grade each narrative 5 times
and then return the average grade. To ensure consistency in grades, we would check and
alert if fewer than 4 out of these 5 scores agreed; however, this alert was never raised during
our experimentation.

Our total grade G for a narrative is then computed by weighting and aggregating all
metrics with the following equation:

G = αaA+ αfF + αcC + αsS (8.1)

where A is the Accuracy grade, F is the Fluency grade, C is the Completeness grade, S is
the conciseness grade, and the α parameters are weighting constants.
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Explanation: (Living area square feet, 2090.00, 16382.07), (Second �oor square feet, 983.00, 16216.99)
Rubric: 0 - One or more feature names from the explanation are not mentioned at all in the narrative.
1 - All features are mentioned, but not all feature values and/or contribution directions. 2 - All features are mentioned, and
for each feature, includes at least an approximation of the feature's value and contribution direction.
Narrative: The 2090 sq ft living space increases the predicted house price by about $16,400

Inputs

Assess a narrative based on a rubric.Base Prompt

Question:
How completely does the narrative below describe the explanation?
Explanation format: SHAP feature contribution in (feature_name, feature_value, contribution) format.

Follow the following format.
Question: ${question}
Narrative: ${narrative}
Rubric: ${rubric}
Assessment: A single number from the options in the rubric. Provide only a single number with no other text.

Metric Question

Chain-of-thought
instructions

Start by listing out all the features in the explanations, and then determine if every feature is present in the narrative, along
with its value and contribution direction. 

Assessment: 0

The features in the explanation are living area square feet and second �oor square feet. Living area square feet is in the
narrative, along with its value and contribution direction. Second �oor square feet is not in the narrative.

LLM-generated
chain-of-thought

LLM-assigned
grade

De�nitions

Figure 8.3: Prompt passed to the Grader to compute the completeness metric. We found
that while the original version of the prompt allowed the LLM to correctly identify missing
feature values, it was regularly not identifying when features were missing altogether or did
not have their feature directions listed. Through experimentation, we determined that a
chain-of-thought [109] approach that explicitly asked the Grader to list out and consider
each feature in the explanation one-by-one addressed this issue well.

As described in more depth below, accuracy is scored on 2-point 0/1 scale, completeness
is scored on a 3 point 0/1/2 scale, and fluency and conciseness are scored between 0 and
4. For our experiments, we therefore equally weighted all metrics by setting αa = 4, αc =
2, αf = αs = 1, and report these weighted metric values in our results.

In running and optimizing LLMs, we used DSPy2 [93], an open-source LLM program-
ming framework. DSPy enabled us to experiment with different LLM steering and tuning
approaches and run evaluations in a structured manner.

In the rest of this section, we introduce the metrics we used to evaluate narratives, and
our process for developing and validating our Grader.

8.4.1 Accuracy

The accuracy metric evaluates if the information in the narrative is correct based on the
input explanation. For example, in an accurate narrative, all feature values, SHAP feature
contribution values, and contribution directions (positive or negative) are correct. Narratives
that do not mention all features can still be considered accurate. This metric was scored on
a Boolean scale of 0 (inaccurate) or 1 (accurate).

Accuracy is scored by the Grader by passing in a prompt to the LLM. This prompt
2https://github.com/stanfordnlp/dspy
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includes the input ML explanation, the explanation format, and the narrative to grade, and
asks the LLM whether or not the narrative was accurate.

In order to tune and validate the prompt passed into our Grader for accuracy, we
developed a metric validation dataset of 50 explanation-narrative pairs, along with human-
labeled accuracy grades. These examples contained randomly selected SHAP explanations,
with narratives. These narratives were intentionally written to span five levels of accuracy,
as summarized in Table 8.2.

We then started with a basic prompt (How accurate is the information based on the
explanation given? ) and passed the dataset entries to the Grader. We then compared
the LLM-generated grades to the human-labeled grade for each entry to get a performance
score across each level-of-accuracy category. Finally, we used these fine-grained results to
manually adjust our prompt until we got sufficient performance (at least 95% agreement
with human labels). Fig. 8.2 shows our final version of the prompt, as well as the manual
adjustments we made.

The final version of our Grader agreed with human labels on 96% of entries. A more
detailed analysis of these results is shown in Table 8.3.

8.4.2 Completeness

The completeness metric grades how much of the information from the input ML explanation
is present in the narrative. For our experiments, we define a complete explanation as one
that 1) mentions all features and their values from the ML explanation and 2) mentions the
contribution direction (increasing or decreasing the model prediction) for all features. We
note that this is subjective and context-dependent; for example, in some domains, the exact
contribution values may be needed. Our prompts use a custom rubric that can be adjusted
for different needs.

Completeness is scored by prompting an LLM with the explanation, explanation format,
and narrative, and asking it to score completeness on a scale of 0 (missing one or more
features), 1 (contains all features but missing one or more feature values or contribution
directions) or 2 (includes all features, values, and contribution directions).

Like for the accuracy metric, we created a metric validation dataset of 50 human-labeled
explanation-narrative pairs, as summarized in Table 8.2, that included narratives of different
levels of completeness.

Again, we started with a basic prompt (How completely does the narrative below describe
the explanation given? ) and passed the dataset entries to the Grader. We compared the

Table 8.3: Agreement between Grader and human-labeled validation set for Accuracy (left)
and Completeness (right).

Grader
0 1

H
u
m

an 0 15 1
1 1 33

Grader
0 1 2

H
u
m

an 0 18 0 0
1 0 17 0
2 0 2 13
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The larger above-ground living area increases the predicted price by about $16,400
–
This house has good garden level walls, which increases its predicted price by about $17,000. 
–
The house's wood foundation reduced the predicted price by about $19,000. 
—
This house's relatively larger above ground living space increased the predicted price by about $16,000. 
—
The house's larger than average second �oor increased the price by about $16,000. The house's location in NWAmes
reduced the price by about $10,000. 

Exemplars

Follow the following format.
Question: ${question}
Narrative: ${narrative}
Rubric: ${rubric}
Assessment: A single number from the options in the rubric. Provide only a single number with no other text.

De�nitions

How well does the style of the narrative match the style of the example narratives? Consider only the linguistic style,
not the topic.

Rubric: 0: Very dissimilar. 1: Dissimilar. 2: Neutral. 3: Similar. 4: Very similar

Metric Question

Inputs Narrative: The 2090 sq ft living space increases the predicted house price by about $16,400

Assessment: 4
LLM-assigned
grade

Assess a narrative based on a rubric.Base Prompt

Figure 8.4: Prompt passed to the Grader to compute the fluency metric. We found that
the Grader was over-emphasizing narrative content, as shown by a significant difference
in score between narratives from different datasets with original prompt (How well does the
narrative match the style of the example narratives? ). We therefore added a statement to
explicitly ignore topic. Our experiments determined that there were diminishing returns to
effectiveness after 5 exemplar narratives.

LLM-generated grades to the human-labeled grade for each entry to get a performance score
across each level-of-completeness category, and used these fine-grained results to manually
adjust our prompt until we got sufficient performance (at least 95% agreement with human
labels). Fig. 8.3 shows our final version of the prompt, as well as the manual adjustments
we made.

We ended up with the prompt shown in Fig. 8.3, which we evaluated on our metric
validation dataset. Using this prompt, the Grader’s grades agreed with the human-labeled
grades on 96% of entries. The full results of validation are shown in Table 8.3.

8.4.3 Fluency

Fluency is the degree to which the narrative sounds natural or human-written. This is highly
subjective and context-dependent; therefore, for this paper we grade fluency as how closely
the narrative’s linguistic style matches that of a few exemplar narratives. For example,
consider the following two narrative styles for the same explanation:

Precise: The house’s size (1203 sq. ft.) increased the ML output by $10,203. The size
of the second floor (0 sq. ft.) decreased the ML output by $4,782.
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Figure 8.5: Difference between fluency scores on narratives compared to exemplars from
their own datasets (blue) and those compared against other datasets (orange). We expect
to see significantly higher fluency scores for the former compared to the latter. We see that
adding more exemplars increases this difference, with diminishing returns after 5 exemplars.

Casual: The house’s large size increases the price prediction by about $10,200, while its
lack of a second floor decreases the prediction by about $4,700.

Users pass in a small set of hand-written exemplar narratives that are then used by the
Grader to grade fluency. We prompted the LLM with these exemplar narratives, along
with the narrative to be graded, asking it to score how well the narrative matches the style
of the exemplars on a discrete scale from 0 to 4. Fig. 8.4 shows the prompt we used to grade
fluency.

To validate our fluency scoring function and identify the right number of exemplars
to include in the prompt, we used our nine exemplar datasets introduced in Section 8.3.
From each dataset, we randomly selected N hand-written narratives as exemplars and asked
the Grader LLM to compare them to the remaining hand-written narratives. We then
computed the mean and minimum difference between fluency scores on narratives evaluated
against exemplars from their own dataset and fluency scores on narratives evaluated against
other datasets.

We compared results from N = [1, 3, 5, 7]. The results are visualized in Fig. 8.5. We
see that higher numbers of exemplars increases the ability of the Grader to differentiate
narratives of the same style as the exemplars from those in other styles, with diminishing
returns after 5 exemplars. We therefore set our Grader to use 5 exemplars (or as many as
are available, if fewer than 5 are provided).
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8.4.4 Conciseness

This metric grades how long the narrative is, scaled such that shorter narratives get higher
grades. We believe that, all else being equal, users will tend to prefer shorter narratives.

This metric is computed deterministically and scaled to a continuous value between 0
and 4, using the following equation:

grade =


0 if L ≥ 2FLmax

4×
(
2− L

FLmax

)
if FLmax < L < 2FLmax

4 if L ≤ FLmax

(8.2)

where L is the number of words in the narrative, F is the number of features in the input
explanation, and Lmax is some configured value representing the longest ideal number of
words in the narrative per feature.

In effect, this equation grades a narrative as 4 if it is shorter than some hyperparameter-
defined number of words per feature, 0 if it is longer than twice this value, with grades scaling
linearly between these two extremes.

8.5 Optimizing the Narrator

Having validated our metric scoring functions, we sought to improve our Narrator to
transform explanations into narratives that optimize these metrics. Like with our Grader
LLM, we used DSPy programming to assemble our prompts and used the GPT-4o API for
our Narrator LLM3.

As shown in Fig. 8.1 we have a base prompt that instructs the LLM what it needs to do
given the three inputs: the explanation, the explanation format, and the context. Next, we
show a few base prompts we tried.

Base Prompts We used the following prompts as a first step for baselines:

Base Prompt 1: You are helping users understand an ML model’s prediction.
Given an explanation and information about the model, convert the explanation
into a human-readable narrative.

Base Prompt 2: You are helping users who do not have experience working
with ML understand an ML model’s prediction. Given an explanation and
information about the model, convert the explanation into a human-readable
narrative. Make your answers sound as natural as possible.

Base Prompt 3: You are helping users understand an ML model’s prediction.
Given an explanation and information about the model, convert the explanation

3We experimented with multiple larger API-based LLM models for the Narrator including GPT-3.5,
GPT-4o, Claude, Gemma, and Mistral models. Based on initial results, we decided to run experiments using
GPT-4o.
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into a human-readable narrative. Be sure to explicitly mention all values from
the explanation in your response.

We found that the Narrator was able to generate reasonably complete and accurate
narratives with these base prompts along with the the other three inputs. For the remaining
experiments we only used base prompt 1, as it has the fewest tokens, scored highly on
accuracy and completeness in our initial experiments, and does not include any information
to suggest a specific style.

However, without exemplars of what a good narrative looks like for a specific application,
the Narrator is not able to customize the narrative style and length. For example, for an
explanation from our House 1 dataset, the generated narrative using just the base prompt
looks like “The model predicts the house price based on several key features. The above
ground living area, which is 2090 square feet, contributes significantly to increasing the price
by 16382.07 units.” For this dataset, based on the hand-written exemplar narratives, we
were seeking a narrative style more like “The relatively larger above-ground living space in
this house increased its predicted price by about $16,000.”

As described in Section 8.3, we selected five hand-written narratives for each exemplar
dataset. We next consider if we can add these to the prompt to better customize narrative
style.

Hand-Written Few-Shot. In this experiment, we add a small number (denoted as H)
of exemplar hand-written narratives to the prompt. These narratives were randomly selected
for each prompt from the hand-written narratives we have for the exemplar dataset.

Bootstrapped Few-Shot. In the previous experiment, we are limited to the hand-
written narratives available to us. Additionally, these exemplars may not be complete or
accurate. We therefore used DSPy’s BootstrapFewShot to create more exemplar narratives
that score highly according to our Grader. To do this we give the bootstrapper:

• our hand-written narratives as a starting point;

• a requirement that exemplars it produces achieve a perfect score on accuracy, com-
pleteness, and fluency and at least 3.5 on conciseness as measured by our Grader4.

Once we have the bootstrapped exemplars, we add them, along with the the hand-written
exemplars, to the prompt shown in Fig. 8.1. Thus the prompt now has H hand-written and
B bootstrapped exemplars. With this addition, our prompt now has the base prompt, the
explanation, the explanation format, the context, and H +B exemplar narratives.

8.6 Results

We now evaluate the quality of narratives generated by our Narrator, and investigate how
the exemplars provided influence these results.

Experimental Setup. Using the Narrator we created narratives for explanations in
the exemplar datasets. We used a variety of settings for the narrator: 3 base prompts and
11 few-shot (exemplar) settings. In total, we had 169 explanations (across 9 datasets) and

4We lowered the requirement slightly for conciseness as this significantly reduced bootstrapping time.
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Table 8.4: Narrative quality scores for narratives generated by our Narrator, as evaluated
by our Grader, averaged across all datasets. Metrics are reported in terms of their weighted
(0-4) values. Values greater than 3.5 are in blue, values less than 3 are in red, and the highest
scoring row for each metric is in bold. H=number of hand-written few-shot exemplars,
B=number of bootstrapped few-shot exemplars.

Base Prompt H B Accuracy Completeness Fluency Conciseness Total grade

Base Prompt 1 0 0 4.000 ± 0.00 4.000 ± 0.00 2.467 ± 0.76 0.850 ± 0.94 11.317 ± 1.23
Base Prompt 2 0 0 3.911 ± 0.27 4.000 ± 0.00 2.467 ± 0.66 0.872 ± 0.89 11.250 ± 0.97
Base Prompt 3 0 0 4.000 ± 0.00 4.000 ± 0.00 2.222 ± 0.82 1.056 ± 1.07 11.278 ± 1.44
Base Prompt 1 1 0 3.289 ± 1.35 3.511 ± 0.56 3.622 ± 0.47 3.749 ± 0.14 14.171 ± 1.67
Base Prompt 1 3 0 3.111 ± 1.57 3.422 ± 0.53 3.689 ± 0.41 3.708 ± 0.19 13.930 ± 1.82
Base Prompt 1 5 0 3.111 ± 1.57 3.289 ± 0.56 3.644 ± 0.49 3.669 ± 0.35 13.713 ± 2.08
Base Prompt 1 1 1 3.800 ± 0.40 3.800 ± 0.23 3.650 ± 0.34 3.702 ± 0.32 14.952 ± 0.58
Base Prompt 1 1 3 3.800 ± 0.40 3.800 ± 0.23 3.700 ± 0.26 3.734 ± 0.28 15.034 ± 0.51
Base Prompt 1 3 1 3.323 ± 1.34 3.538 ± 0.49 3.846 ± 0.19 3.843 ± 0.16 14.551 ± 1.72
Base Prompt 1 3 3 3.262 ± 1.33 3.631 ± 0.58 3.846 ± 0.23 3.890 ± 0.11 14.629 ± 1.73
Base Prompt 1 5 1 3.289 ± 1.35 3.333 ± 0.63 3.933 ± 0.14 3.983 ± 0.03 14.538 ± 1.63
Base Prompt 1 5 3 3.289 ± 1.35 3.467 ± 0.66 3.889 ± 0.27 3.988 ± 0.02 14.632 ± 1.65
Base Prompt 1 5 5 3.378 ± 1.37 3.422 ± 0.64 3.911 ± 0.15 3.977 ± 0.03 14.688 ± 1.66

applied 13 techniques, resulting in 2,197 total narratives5. We scored each narrative on each
of the four metrics described in Section 8.4. For the conciseness metric, we set the maximum
input length to 90% of the longest feature description from the exemplar narratives. We also
used these narratives (5 per dataset) to grade fluency. The mean metric grades from our
evaluation by base-prompt/few-shot setting are shown in Table 8.4.

Adding few-shot examples (exemplars) greatly improves narrative style at
a small cost to correctness. In Fig. 8.6, we visualize the impact that the number
of exemplars has on each metric. We see a clear trend of fluency and conciseness grades
increasing with more exemplars, while accuracy and completeness grades decrease. These
findings are not surprising — without an exemplar, the Narrator has nothing to match
to improve fluency and conciseness. On the other hand, more exemplars introduces more
complexity that may increase the chance of the Narrator hallucinating, and increase the
chance of confusing the Narrator with a potentially inaccurate exemplar narrative. The
fact that we see high accuracy and completeness scores without any exemplars demonstrates
that the LLM is able to complete the task with careful prompting out-of-the-box; adding
exemplars mainly serves to adjust the style and structure of the narrative.

We see the overall highest quality narratives with a small number of hand-
written and bootstrapped exemplars. Our highest total grade across all four metrics
was achieved with one hand-written few-shot exemplar and three bootstrapped exemplars.
Having one of each style of few-shot exemplar achieved a close second-highest score.

Bootstrapped exemplars contribute more to generating accurate and complete
5The total LLM costs when using GPT-4o for generating and evaluating all narratives was about US$8.44,

or .38 cents per narrative to generate and evaluate on all metrics. The estimated number of input tokens
required to transform one explanation ranges from about 150 to 1000 depending on explanation length and
prompting technique.
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Figure 8.6: Correlation between mean metric grades (color) over all datasets by number of
hand-written few-shot exemplars (H, x-axis) and number of bootstrapped few-shot exem-
plars (B, y-axis).

narratives. We also see a subtle trend in Table 8.4 and Fig. 8.6 of bootstrapped exemplars
improving accuracy and completeness over purely hand-written exemplars. This may be
because bootstrapped exemplars must achieve perfect accuracy and completeness scores to
be passed to the Narrator, therefore removing the chance of passing in exemplar narratives
that are either inaccurate or considered inaccurate by the Grader.

For further investigation, we report the mean metric grades by dataset for the two highest-
performing few-shot settings (H = 1, B = 1/3) in Table 8.5. We see unexpectedly low scores
for Mush 2 and PDF datasets. Inspecting the narratives generated more closely suggests a
few possible issues.

Some narrative styles require additional information to be generated and
graded. The low accuracy for the PDF 2 dataset may stem from the exemplar narra-
tives for this dataset using relative terms like “the larger file size”; the Grader does not
get information about the distribution of these features, so it may be labeling these terms
as inaccurate. This suggests that if narratives with such comparative words are desired,
additional information should be passed in.

Further investigation into the Grader quality on diverse datasets is required.
The low scores on the Mush 2 dataset and the lower completeness score on the PDF 1
dataset appear to stem from an error with the Grader rather than the Narrator. For
example, for the Mush 2 dataset, the narrative The lack of odor and broad gill size suggest the
mushroom is more likely to be poisonous from the explanation (odor, none, 0.15), (gill-size,
broad, 0.06) was incorrectly given a 0 on accuracy. It is possible that the LLM is “playing it
safe”, given the high-stakes application of mushroom toxicity, as a result of AI safety work
(this problem may not affect Mush 1, as its narratives include safety-conscious additions like
“be careful” or “confirm with external sources”). However, this is speculation that requires
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Table 8.5: Narrative quality scores generated by our Narrator in our two highest-scoring
conditions (H = 1, B = 1, 3), averaged by dataset. Values greater than 3.5 are in blue,
values less than 3 are in red.

Dataset Accuracy Completeness Fluency Conciseness Total score

House 1 3.733 ± 0.40 4.000 ± 0.00 3.800 ± 0.30 3.719 ± 0.24 15.252 ± 0.58
House 2 4.000 ± 0.00 4.000 ± 0.00 3.911 ± 0.11 3.836 ± 0.16 15.748 ± 0.24
House 3 4.000 ± 0.00 3.689 ± 0.27 3.933 ± 0.10 3.869 ± 0.14 15.491 ± 0.35
Mush 1 3.556 ± 0.42 3.600 ± 0.00 3.511 ± 0.15 4.000 ± 0.00 14.667 ± 0.33
Mush 2 1.760 ± 0.88 2.640 ± 0.36 3.920 ± 0.18 3.989 ± 0.03 12.309 ± 0.67
PDF 1 4.000 ± 0.00 2.400 ± 0.00 4.000 ± 0.00 3.977 ± 0.03 14.377 ± 0.03
PDF 2 0.000 ± 0.00 3.040 ± 0.22 3.840 ± 0.22 3.949 ± 0.02 10.829 ± 0.46
Student 1 4.000 ± 0.00 3.600 ± 0.28 3.960 ± 0.09 4.000 ± 0.00 15.560 ± 0.36
Student 2 3.840 ± 0.36 3.920 ± 0.18 4.000 ± 0.00 3.880 ± 0.15 15.640 ± 0.47

further investigation.
In the next section, we discuss our key takeaways from these results further.

8.7 Discussion and Future Work

This work represents a first step into transforming ML explanations into narratives, and
suggests several future directions. We determined that powerful modern LLMs are capable
of creating high-quality narrative versions of SHAP explanations. Balancing hand-written
and bootstrapped exemplars, while keeping the number of these low, appears to create
the best balance between correctness (accuracy and completeness) and style (fluency and
conciseness). Adding additional exemplars can improve style at the cost of correctness —
users in different domains may value these metrics differently, and wish to modify the number
of exemplars accordingly.

However, certain subtle issues — such as including comparative terms like “larger” or
working within complex domains — confuse our Grader into scoring narratives incorrectly.
Without a highly-accurate grader, it may be difficult to generate narratives with enough
trust for high-risk domains. Therefore, further investigation is needed.

8.7.1 System Integration and Open-Source Implementation

We integrated the findings from this paper in Pyreal, a library for transforming explanations
for readability. We implemented the Narrator in the form of the NarrativeTransformer6

object in this library, an object that transforms explanations into narratives given some
hyperparameters including style samples.

Pyreal can be used to both generate the initial explanation and then transform it into
narratives. Fig. 8.7 shows a sample of the code to generate a SHAP feature contribution

6Instructions for transforming explanations using Pyreal can be found here:
https://dtail.gitbook.io/pyreal/user-guides/using-applications-realapps/narrative-explanations-using-llms
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1from pyreal.transformers import NarrativeTransformer
2from pyreal import RealApp
3

4context = "The model predicts house prices"
5

6# Explanation, narrative pairs
7examples = {"feature_contributions":
8 [("size, 120, -120", "The model...")]}
9

10narrative = NarrativeTransformer(
11 num_features=3,
12 context_description=context,
13 training_examples=examples)
14

15app = RealApp(model, transformers=[narrative])
16app.produce_feature_contributions(X, X_train)

Figure 8.7: Open-source library implementation of narrative generation process. The output
of the final line is a dictionary with keys as row IDs in X and values as narratives of that
model prediction on that row.

explanation and transform it to narrative format.

8.7.2 Lessons from Adjusting the Grader

In past work [90], we suggested that the accuracy metric be graded on a 3-point scale of
inaccurate, accurate but misleading, or accurate. However, discussion and experimentation
revealed that “misleading” in this context is a highly subjective specifier, which makes it
difficult for both human and LLM graders to give consistent grades. We therefore settled on
a boolean 0 or 1 grade, which was sufficient for our purposes.

We originally intended for the fluency metric to broadly describe the degree to which
the narrative sounds natural or human-written, fine-tuned from a general-purpose crowd-
generated exemplar dataset of narratives on a wide variety of datasets. However, we de-
termined from discussion with diverse ML users that preferred narrative style is highly
subjective and context-dependent, and therefore the fluency metric would be far more useful
if based on a small, application-specific exemplar dataset.

8.7.3 Future Work

In this work we focused on SHAP contributions; however, by adjusting the input explanation
format and some details in the metric rubrics, this work could easily be updated to support
other kinds of explanations.

While in this paper we focus on automated grading, a natural next step would be to
evaluate how effective the narratives are for real-world decision making.

It is essential to emphasize that this work represents only a first step toward enabling
explanations that offer deeper insights and greater clarity. Our ultimate goal is to develop
a system that not only generates understandable narratives but also enhances users’ ability
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to make informed decisions based on those narratives. This goal requires future research
focused on providing richer context and deeper insights in the explanations, allowing users
to engage more critically with the information presented. One example of such insights
includes rationalizing model behavior; for instance, an explanation narrative of “This house
is predicted to sell for more because it was built in the year 1930” can be rationalized as
“In this market, older houses hold a premium because of their better building materials and
unique history.” In cases where the model uncovered unexpected patterns in data, such
rationalizations can be valuable for knowledge discovery and decision-making.

Additionally, we encountered some challenges where our system could not generate and
correctly grade comparative narratives (such as referring to a file as “larger” or “smaller”)
because we did not pass in the necessary context information. To address these issues,
we plan to explore methods for clearly defining data context. For instance, we could pass
statistical benchmarks such as mean feature values or more detailed feature distributions
to the LLMs. Developing explanations that correctly use comparative terms may improve
narrative fluency, and help users understand why certain characteristics, such as file size, are
indicative of potential outcomes, ultimately enriching the narrative quality.

We determined that finetuning approaches are not required to develop an effective Nar-
rator with a sufficiently powerful base LLM. However, finetuning may be beneficial to
allow smaller architectures to perform the task as well as the larger models we worked with.
As a first step to trying this, we applied the same final prompt (with 3 labeled few-shot
exemplars) to a smaller, 7B parameter local model (Mistral-7B-v0.1) to determine how well
it could perform out-of-the-box. The model effectively matched style, with average fluency
and conciseness scores of 3.91 and 3.81, respectively. However, the small Narrator did not
always parse the input explanation correctly, resulting in lower accuracy and completeness
scores of 0.98 and 1.64 respectively. Since smaller, local models are more practical for many
real-world applications, we plan to refine prompts and explore finetuning to improve these
results.
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Chapter 9

Discussion and Future Work

The work in this thesis revealed many lessons about the challenges involved in developing
usable ML for use in real-world decision problems. In this chapter, we summarize these
lessons, and discuss further extensions to this work.

We begin by summarizing the key lessons from this thesis. We then dive into more depth
on each of these lessons. We then discuss some ethical considerations raised by this thesis.
Finally, we go through a few possible extensions of this work.

Here, we summarize the key lessons that we believe will be valuable to future researchers
and developers working on usable ML.

Lesson 1: The first step to making ML usable is clearly identifying the decision-
makers, answering the question usable for whom? Different users have very different
skills, preferences, expertise, and constraints. Identifying who will be using ML for decision
making, as well as who is available to help this group, affects how ML tools are built and
deployed.

Lesson 2: There are many properties of decision problems that affect how
decision-makers will use and interact with ML. Categorizing these properties into a
formal taxonomy may speed up future application work.

Lesson 3: Rich insights can be found through applying systems work to
real-world applications, beyond those learned through isolated lab studies. This
process can take years, and therefore should be started early by researchers entering the
field of usable ML.

Lesson 4: Progress is led by building systems to address known challenges —
the remaining, socio-technical challenges will surface once effective systems are
in place. Effective, configurable systems like Pyreal and Sibyl that create tools that avoid
rudimentary usability challenges allows researchers to avoid repeating work. Instead, more
time can be spent observing decision making with ML in real applications, and gleaning
lessons from that process.

Lesson 5: ML usability is an important concept to consider that goes beyond
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ML explainability. Not all applications require decision-makers to understand how the
model works, and most decision-makers require richer or more curated information than
just explanations.

Lesson 6: Type 2 decision problems come with unique challenges relevant to
usable ML beyond those present in Type 1 decision problems. The existing
human-only workflows, complexity of evaluation, and high-risk nature of these decision
problems must be addressed carefully.

In the next few sections, we will discuss each of these lessons in more detail.

9.1 Lesson 1: Identify the decision-makers and users of
ML first

Subtle differences in the decision-maker audience for ML tools can lead to significantly dif-
ferent requirements. It is therefore essential to be aware of who will be using these tools, and
for what purpose. For example, child welfare screeners, integrating a risk score prediction as
one of several sources of information to decide what decision to make on a highly sensitive
and high-stakes decision treat ML models as data filters and feature flags. In contrast, wind
turbine data analysts see usable ML more as a way to filter out key entities (turbines), and
appreciate a focus on summarizing model predictions.

We also suggest learning whether anyone holds the increasingly ubiquitous bridge role —
bridging the gap between decision-makers and ML developers — to take advantage of the as-
sistance they can bring to communication and collaboration. In our child welfare application,
social scientists played a valuable role, translating early discussions of possible explanations
so that they made sense to child welfare screeners. In our wind turbine application, this
role was played by data analysts. In both cases, the ML developers were able to spend less
time learning the nuances of the domain, and more time deploying and evaluating ML tools,
thanks to the diverse expertise of these bridges.

Feedback is a gift — one that takes time and effort from busy people. It can also be
misdirected. Feedback should be sought early and often to avoid going down the wrong
path, but solicited in a way that minimizes effort and maximizes quality. We learned that
asking decision-makers what kind of information they want is often an unhelpful exercise, as
people unfamiliar with ML may not understand the scope of what is possible, and may have
a hard time imagining ML augmentations they have no experience with. On the other hand,
asking for open-ended feedback on ML developer-provided suggestions also often does not
work — it is easy for decision-makers to feel that any information they provide will be useful,
causing these feedback sessions to lead to generic “yes we like it” responses. We believe there
are three primary reasons for this. First, decision-makers lack motivation to turn down the
potential for more information when they know they can always simply not use. Second, it
is difficult to imagine using information that you have never had access to before. Finally, it
takes time and effort to synthesize open-ended feedback, and decision-makers are often busy
with their own jobs.
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Instead, we recommend first gleaning feedback indirectly through careful observation of
processes, and then directly through asking decision-makers to actively complete tasks using
ML tools. This active use brings challenges to the surface in a more natural way.

9.2 Lesson 2: Many properties of real-world decision
problems affect how ML is used

The real-world applications in this thesis revealed a wide range of axes that complex, Type
2 decision problems vary on beyond the people and process summaries introduced in Table
1.2. In this section, we summarize this taxonomy for further categorizing Type 2 decision
problems, and the lessons learned from the applications in this thesis for usable ML in these
scenarios.

We will begin by revisiting some of the categorizations introduced in Table 1.2, formal-
izing the lessons learned.

1. Risk associated with individual decisions: High risk decisions result in more
usability challenges, as decision-makers look at the ML outputs with more caution.
Higher risk decisions — such as child welfare screening — may have more additional
required information in augmentations, though ML developers creating ML tools must
still be careful not to present too much information. Lower risk decisions may not
require augmentations and ML tools at all.

2. Time required to make a decision: The amount of information users are willing
and able to process scales naturally with the time available to make decisions. In the
child welfare application, decision-makers had significantly less time to make decisions
than in the wind turbine monitoring application (minutes compared to hours or even
days), and therefore the expected augmentations needed to be significantly more precise
with the information presented.

3. ML/data expertise of decision-makers: Decision-makers with less ML/data ex-
pertise not only benefit from explanations and augmentations presented using inter-
pretable features, but also subjectively prefer them; in contrast decision-makers with
high ML/data expertise, such as those in our Pyreal user studies are more likely to
prefer explanations that use more typically “model-ready” engineered features.

4. Domain expertise of decision-makers: Decision-makers with more expertise in the
decision-making domain (for example, child welfare screening or real estate valuation)
display higher standards for ML tools, and therefore require more carefully configured
and customized tools.

5. ML Integration: In Type 2 decision problems, the ML model is usually used by
human decision-makers, who make the final decision. However, there are two major
categories of ways this can happen — the model can make a direct suggestion of action
or provide proxy information. For example, for the child welfare screening applica-
tion, the former scenario would mean that the ML output would take the form of a
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Boolean “screen-in/screen-out” prediction; in the latter, the model returns a risk score
representing the likelihood of abuse. Models that provide proxy information may be
more common in complex applications as the final decision is too complex to process
with ML, and require more detailed ML tools to allow decision-makers to translate the
proxy information into a decision.

We now introduce several new axes that we discovered carried heavy importance when
designing ML tools across diverse applications.

1. Intrinsic decision-maker trust in ML: Some decision-makers, such as the wind
turbine data analysts, have a natural appreciation and trust in computational tools
such as ML — this does not mean that trust will not be a usability challenges in these
domains, but that less caution is needed when iterating on and evaluating ML tools. In
the child welfare application, our decision-makers had a (justified) concern with using
ML tools, which increased the chance that a half-baked or confusing prototype tool
would turn them off using the ML outputs entirely.

2. Ethical/personal significance: Even across applications with high risk, the nature
of that risk varies. In the wind turbine application, there was significantly less humani-
tarian and ethical concern than in child welfare screening — decisions were made about
turbines rather than humans. This difference resulted in differences in appropriate aug-
mentations — for example, augmentations like nearest-neighbors style comparisons of
entities may be less appropriate when those entities are humans.

3. Complexity of input data: In some applications, the ML model considers all or most
of the data available to the decision-makers — the wind turbine monitoring application
was closer to this scenario. In others, there are large amounts or kinds of data not
considered at all by the model — in the child welfare screening application, the hotline
narrative was an essential piece of information not at all considered by the model. The
more complex the input data, and the more data not considered by the model, the
more effort decision-makers have to put in to manually combine insights from different
sources of data. In our simulated ML tool scenario, the child welfare screeners regularly
cross-referenced the narrative and the information in the ML tool to ensure everything
was consistent and covered by the model.

4. Primary purpose from ML: For some decisions problems, ML is integrated primar-
ily with the goal of improving decisions, potentially in applications where outcomes
were deemed to be unsatisfactory. For example, ML may help highlight missed informa-
tion or reduce bias, as were goals in the child welfare screening. In other applications,
such as some ML for conservation work [110], the ML model serves mostly to reduce
decision-makers effort required, by removing the need for some of the manual data
processing steps. Decision-makers may be more receptive and trusting of model in the
latter case.

5. Ease of ML evaluation: In some applications, it is possible to effectively quantify the
quality of outcomes and the performance of the ML outputs through well-defined key
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performance metrics (KPIs). In other applications, this outcome is much more nuanced
and difficult to quantify, and the performance of the ML model is less meaningful. The
easier the model is to evaluate — assuming the model achieves high performance —
the less important it may be to build decision-maker trust in the model.

Identifying where a decision problem sits on these axes before developing ML tools can
improve the efficiency and effectiveness of the ML.

9.3 Lesson 3: Research in real-world, long-term applica-
tions uncovers rich insights

Conducting academic research within real-world, long-term applications uncovers more and
deeper insights than lab-based research alone. We advise future researchers in usable ML to
decide on one or two real-world decision problems early on, and continuously apply findings
to these problems.

We uncovered many insights related to making ML usable through our work in real-
world applications. In our child welfare application, we learned from the existing decision
process that screeners focus on risk and protective factors, often visualizing these side-by-
side to weigh their respective influences on the case. This was an excellent analog to feature
contributions, labeled as risk and protective factors accordingly; presenting explanations in
this way made it easier for screeners to integrate the new information into their process.
Understanding these existing processes in child welfare screening also revealed that making
comparisons between cases and children in order to aid with decision-making is not done,
despite this being technically possible without any computational component, as past work
has already determined this to not be a good approach. We were able to integrate that
lesson and avoid wasting time evaluating nearest-neighbors-based interfaces.

In our wind turbine monitoring application, we learned that our collaborators were often
as or more interested in wide-scale trends as they were in individual turbines, and were
especially interested in understanding where failures were predicted. This understanding
of the process led us to develop interfaces that put extra focus on global explanations and
prediction summaries.

Evaluating usable ML through collaborative efforts is the best way to get genuine infor-
mation about its impact. These evaluations happen both through simulated studies, like the
ones we ran in this thesis, and through in-deployment studies. The balance of these depends
on the risk associated with the decision problem, as well as the availability of decision-makers.

9.4 Lesson 4: Progress in usable ML is led by building
systems to address known challenges — deeper chal-
lenges are discovered after

Systems like the ones developed in this thesis make the real-world applications described
in the previous section practical. Certain, generalizable requirements of usability — like
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ensuring terminology is consistent with the domain, ensuring interactions are smooth, and
ensuring the cognitive load remains reasonable — will be required across more applications,
and if not met, will prevent tools from being used at all. Once these general challenges
are addressed, deeper socio-technical challenges will become apparent through studies in
real-world applications and can then be addressed separately.

For example, in the child welfare application, concerns about how the model worked and
the information it used — such as using features about whether families receive food benefits
— as well as deeper findings about how information should be presented — such as avoiding
redundant information such as child being a infant and not having a criminal history — were
only brought to light once explanations were presented in an interpretable format.

9.5 Lesson 5: Consider usability, not just explainability

In this thesis, we discuss ML usability rather than explainability, even though many of the
augmentations we developed were built on explainable ML literature. Our findings investi-
gating real-world decision problems suggested that usability is a more important property
for decision-making than explainability. While explainability is often a key component of
usability, it is often insufficient, and can even be unnecessary.

For some decision problems, explainability is not required, even when humans actively use
ML outputs. If the decision problem is straightforward and well-validated, decision-makers
may get everything they need just from the ML outputs. They may still need other kinds of
augmentations, as discussed below, but not specifically explainability. For example, consider
a public relations employee at a company. This employee uses a sentiment analysis model to
filter out especially positive and negative social media posts about the company, and then
analyzes these to understand trends in customer opinion. Especially for short posts, the
employee may not need any explanation to understand the prediction; the model is very
useful as a filter, but the decision-maker is able to immediately understand what makes a
post positive or negative themselves, possibly better than the model.

In many other domains, explainability is not enough for ML outputs to be effectively used
for decision-making, especially when the decision problem is complex and risky. For example,
explanations cannot be used to ensure ML models lack bias, as biases may be hidden across
proxy features that a human would not recognize. Fairness metrics that evaluate ML outputs
and performance across groups are more effective at this task. Explanations are less useful
than extensive evaluations for understanding broad ML model performance. The explainable
ML literature also focuses on explaining the model’s logic, but understanding the input data
itself may be equally or more important. For example, in our child welfare application, child
welfare supervisors found historic data trends, and how they associated with ML outputs,
to be more useful for validating the model than traditional ML explanations were. In many
cases, a justification — or basic information that helps a model validate its decision — is
much more helpful than a full explanation of the model’s logic.

Explanations may also be misleading. For example, in our child welfare study, coun-
terfactual explanations incorrectly implied real-world causality. Additionally, when features
are heavily correlated, some explanation algorithms like SHAP may arbitrarily label one as
important and another as unimportant, which can lead to incorrect conclusions about how

154



features correlate with the ML output.
With the advent of large language models (LLMs), the meaning of explainable ML has

shifted. Many large models cannot be explained well using traditional explainable ML algo-
rithms, simply because there are too many parameters and the complexity of the underlying
logic is too high. Still, these models can be highly usable, even providing their own form for
explanations through self-rationalization.

Usability encompasses the overall ability for humans to factor ML outputs into decision
making. Any time a decision-maker uses ML outputs for their work, they need usability.
This includes explanations, but also many other factors.

For example, ML usefulness describes the extent to which the ML outputs actually pro-
vide useful information. For both the child welfare and wind turbine case studies, the mod-
eling teams worked hard to experiment with different outputs to identify which correlated
best with real-world outcomes. A useful model must perform sufficiently well, and decision-
makers must understand that performance. They must know the performance is sufficient
for them to trust and use the ML outputs, and they may also need to understand the short-
comings of the model’s performance to understand when it should be ignored. Basic ML
performance metrics like R2 scores, AUC, and MSE are often not sufficient for non-technical
decision-makers (or even technical decision-makers) to fully understand performance. Relat-
edly, decision-makers may need metrics describing a model’s prediction uncertainty, which
can also help reveal when to follow the model’s guidance and when to defer to human intu-
ition.

Overall, our case studies confirmed that explainability is just one component of ML
usability, and deploying ML for use in Type 2 decision problems requires careful consideration
of the full range of usability requirements.

9.6 Lesson 6: The parameters of Type 2 decision prob-
lems come with unique challenges

In this section, we revisit the definition of Type 2 decision problems we gave in the intro-
duction, adding a deeper discussion of the challenges and requirements of such problems
based on lessons from this thesis. We refer the reader to Figure 1.1 in the first chapter for a
reminder of the properties discussed.

The complex impact and long impact timeframe for Type 2 decision problems work
together to make evaluating ML tools especially difficult in these cases. Evaluating the
impact of ML tools requires going through multiple rounds of evaluation, including both
simulated and real-world evaluations in deployment. Therefore, in-deployment evaluations
may be the only way to fully understand the impact and usability of ML tools; however,
especially when risks are high, these can pose safety issues. Multiple metrics based on real-
world KPIs must be tracked, capturing the full range of impact the model may have on the
full range of affected individuals. The traditional performance metrics referenced in the ML
literature become less sufficient as the number of potential sources of impact increases. In
addition, computing these metrics can be difficult when factoring in the impact timeframe,
adding time during which confounding variables can complicate evaluations.
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These evaluation challenges mean it is especially important to develop systems that
reduce the time, effort, and errors involved in developing usable ML tools. This prevents
time from being wasted developing and tuning systems, so that all available time and effort
can be focused instead on evaluation and fine-tuning. These challenges also make it especially
important to take time to fully understand the people and processes involved in the decision
problem, which will help shed light on what KPIs should be tracked.

The higher risk associated with Type 2 decision problems makes it especially difficult and
undesirable to try to remove the human decision-maker. For example, one concern brought
up during the child welfare case study was the added pain of families being investigated by
child welfare based only on an algorithm, without human involvement — in such domains,
even if the model could perform on par with humans, humans may still play a vital role. As
such, in high-stakes domains, ensuring we have systems in place to support the development
of usable ML tools will remain essential. Additionally, the high risks associated with Type
2 decision problems makes the other components of usable ML discussed in the previous
section especially important — for example, the ability to verify models through uncertainty
measures, performance metrics, fairness metrics, and other more empirical measures.

The existence of equivalent human-only decision processes was especially valuable for
the work in this thesis. These were vital resources for us as we thought through real-world
applications for our tools. Our ability to understand the people and processes involved
offered a jump-start for developing ML tools, as we could begin by mirroring these existing
processes. Sibyl’s emphasis on diverse configuration and interaction options is meant to
support the diversity in existing processes, and allow ML tools to be adjusted to fit these
workflows.

More work is required to fully meet the requirements necessary for application to Type 2
decision problems; some possible avenues are discussed in later sections of this chapter. The
evaluations in our case studies did not entirely capture the complex and delayed impact of
ML tools; longer-term deployments are required. The work in this thesis offers a first step
towards this goal.

9.7 Ethical considerations posed by this work

The work in this thesis poses several important questions related to ethics in usable ML.
For the most part, we do not have answers to these questions. Rather, here we pose the
questions we believe should be considered by future researchers working in usable ML, and
discuss how they were relevant to the work in this thesis.

When, if ever, is it acceptable to hide elements of explanations, or modify
elements of explanations, such that they improve the decision-makers’ ability
to understand and use the explanations? In both our child welfare and wind turbine
applications, some elements of the model’s logic were confusing, even though there may be
a good reason this model uses this logic. For example, child welfare screeners were confused
to see that the model considered both the fact that a child is an infant and that they had
never gone to juvenile detention, because including both factors is redundant. Wind turbine
analysts were confused as to why different aggregations of the same features could have
significantly different impacts on the model. Sometimes, re-training the model to behave in
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a more interpretable manner can be effective; in other cases, this is not possible or would
significantly reduce model performance. If showing accurate explanations reduces users’
usage of high-performing models, it may be that modifying what parts of explanations we
show improves decision-making and therefore real-world outcomes. To what extent is this
an acceptable strategy?

In the process of developing ML tools, at what stage or level of validation
do we consider deployment? This question involves balancing two opposing thoughts:
1) deploying ML tools that are not fully validated could cause decision-makers to misuse
the ML outputs and lead to worse outcomes. On the other hand, 2) in high-risk decision
problems, if there is good reason to believe these interfaces would greatly improve decision-
making, how long can you ethically withhold them to run validations? This is not a problem
unique to usable ML — medicine development is a classic analog. These questions become
especially important in Type 2 decision problems, where fully validating ML outputs can take
a long time, but even minor decisions that could have been improved with explanations can
have major effects on individuals. For example, in the child welfare application, supervisors
expressed concerns around running an A/B study where only half the screeners would get
the ML tool, as this was seen as withholding potentially valuable information.

Does explainability play a role in respect for decision-makers? Can withholding
explanations constitute a potential form of disrespect towards the decision-makers, even
in situations where we believe providing these explanations could reduce decision-making
quality? Is hiding information that was deemed to be misused patronizing, or is showing
confusing information the more disrespectful option? Much literature looks into whether
explanations are useful for decision making, but there is an argument that if the decision-
makers feel they need them, this is reason enough to provide them.

We consider these to be questions to be especially important when addressing Type 2
decision problems, and encourage future researchers to consider them carefully.

9.8 Future Extensions

In this section, we introduce a few recommended next steps for future researchers looking to
advance the field of usable ML.

9.8.1 Formal Deployment Evaluation

Due to resource and time constraints, this thesis does not include evaluations in-deployment.
Such evaluations can be difficult to run in academic environments for several reasons.

First, deployments come with extensive infrastructure requirements, a hurdle that can be
difficult to cross from within an academic setting. Deployments need to be set up and run
on infrastructure that the original ML developers may not be allowed to directly interact
with.

Second, a commitment from some party to maintain the deployed ML tools is required —
this was the roadblock that arose in our child welfare application. This requires either finding
a new individual that understands the system and is able to commit to maintenance, or
building the system using lightweight or familiar frameworks such that it can be maintained
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by the existing team. In the child welfare application, our original system was built in React,
a framework not familiar to the county’s IT team. Had we identified this challenge earlier,
we may have instead created a Tableau front-end, which would have been easier to deploy.

Both these challenges further motivate the development of lightweight usable ML systems,
which make it easier for a wider group of people to set up and maintain interfaces on a wide
variety of platforms.

Finally, the evaluations themselves must be done in a lightweight manner. Academic-
style lab experiments in rigorous, controlled environments are difficult to run within real
decision problems; such studies require extensive time and effort from industry collaborators
outside of their normal work. Therefore, evaluations in-deployment — as are more common
in industry — must be run, including techniques like A/B testing and shadow deployment.
This leads to a less scientifically rigorous but more practical and useful evaluation framework.

In the future, we hope to take advantage of Sibyl’s lightweight design to deploy interfaces
and evaluate their influence on real-world outcomes.

9.8.2 Adding Data Modalities

In this thesis, we focus on tabular data. This is a popular data modality in many real-
world deployments, and allowed our algorithms and systems to stay focused and achieve full
comprehensibility within this scope. Additionally, feature engineering is popular for tabular
data, making it relevant for systems like Pyreal. Future work can extend Pyreal and Sibyl
to support other data modalities, such as images, vision, and text.

One possibility is to specifically address applications where raw data like images or time
series are featurized, and transforming explanations to be represented back to the original,
raw format. We already took one step towards this as part of the VBridge project [41], which
presented feature contributions in terms of the original time series steps. The equivalent of
this approach for images would be to show how much each part of an image correlates with
each created feature, and use this information to distribute feature contributions back into
the original image. Doing so may create more interpretable versions of existing saliency
maps, as they can include more information as to why each pixel in an image was important
based on the feature that it contributed to.
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Chapter 10

Conclusion

Ensuring ML models, explanations, and other augmenting information are usable is an es-
sential part of offering real-world benefit to Type 2 applications. In our investigation into
using ML for child welfare screening, we discovered several key challenges. Decision-makers
struggled to understand explanations using complex, uninterpretable features, and required
usable ML tools to be specially configured to match their existing language and workflows.
We also saw immense benefit in evaluating these tools within the framework of a real-world
decision problem.

Motivated by these shortcomings, we developed taxonomies and systems to aid the us-
ability of machine learning, and evaluated their impact in real-world applications. Our
taxonomy for interpretable features helps lay the groundwork for producing more usable and
interpretable ML explanations and augmentations. Pyreal, our system and corresponding
Python library implementation, builds on this taxonomy by producing explanations that use
these interpretable features. Our studies demonstrated that Pyreal significantly reduces the
time taken and errors made when generating interpretable explanations, which are deemed
more useful by users than the traditional outputs from existing explanation libraries.

We then developed Sibyl, our full-stack system for developing and configuring usable ML
interfaces for diverse domains. We used Sibyl to tune a usable ML interface for wind turbine
monitoring, a process that was much quicker and more efficient thanks to the configurability
of our system. Our work revealed that remaining usability challenges exist in explanations,
and that further research should narrow the interfaces down to a maximally useful subset.

Finally, we developed Explingo, our system for further making ML usable by automati-
cally producing and evaluating natural-language or narrative versions of ML explanations.

The work in this thesis revealed that making ML truly usable is a highly nontrivial
process, and further work remains to bridge this gap. It also revealed several key lessons
to improving ML usability. The requirements of real-world domains diverge greatly from
the metrics optimized for in research settings; therefore, long-term, real-world projects are
required to make ML usable and fully evaluate the impact of ML models on decision-making.
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Appendix A

Glossary

In this chapter, we compile all terms used throughout this thesis.

A.1 People

receiver Person who uses ML outputs and ML tools to make decisions and complete their
work. Examples from this thesis include child welfare screeners, wind turbine engineers,
homebuyers, and real estate agents.

bridge Person who interfaces between receivers and ML developers. Examples from this
thesis include product managers, social scientists, and wind turbine data analysts.

ML developer Person who develops, tunes, and deploys ML models and ML tools for
real-world applications. Experts in applied ML.

ML contributor Person who specializes in fields such as ML, AI, explainable ML, or
human-computer interaction, and develop general-use ML systems.

affected individual Person who is affected by decisions made using ML outputs.

user Person who uses a tool or system.

participant Person who participates in a user study or other human evaluation.

A.2 Processes

ML application A specific instance of an ML output or ML tool being applied to a real-
world decision problem.

decision problem A task to be completed that involves making a decision — in the scope
of this thesis, we specifically focus on decisions made using ML outputs.

decision process The full process required to address a decision problem, including con-
sidering ML outputs, ML tools, and other external information and incorporating this
information in a final decision.
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ML model A construct that takes in input data and returns some predicted output based
on patterns learned from training data.

ML output A predicted value from an ML model.

ML augmentation Any additional information that is presented alongside ML outputs
to aid with decision-making, such as explanations, data visualizations, uncertainty
quantifications, performance metrics, etc.

ML explanation A type of ML augmentation that explains or justifies why an ML model
predicted some outputs, or how the model works in general. Local explanation explain
specific outputs on specific inputs, while global explanation explain the model’s logic
in general.

A.3 Systems and Artifacts

considerations for usable ML A set of factors related to the people and processes in-
volved in a decision problem that should be considered when developing usable ML
tools.

system for usable ML Software or frameworks used to develop usable ML tools.

ML tool A set of user interfaces or other programs that allow users to interact with ML
outputs.

interface One specific page in an ML tool that visualizes an ML augmentation.

explanation algorithm An algorithm that generates an ML explanation.

data transform A function that transforms data between feature spaces.

explanation transform A function that transforms explanations between feature spaces.

A.4 Adjectives

usable A property of ML outputs, ML augmentations, or ML tools such that they are used
to address a decision problem and result in an improved outcome to that problem.

interpretable A property of features, explanations, or augmentations such that they can
be easily understood by the intended audience.

configurable A property of ML systems such as Sibyl, such that they can easily be adjusted
to match the diverse requirements of ML applications.

comprehensive A property of ML systems such as Sibyl, such that they support creating
ML tools with the full range of interactions required by the intended audience.
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lightweight A property of ML systems such as Sibyl, such that they can be set up quickly
and easily without overhead effort.

extensible A property of ML systems such as Sibyl, such that they can be easily extended
to include new functionality.
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Appendix B

Pyreal Additional Contents

B.1 Code for Generating Interpretable Explanation
without Pyreal

Figure B.1 shows the equivalent code required to create the same outputs as the code in
Figures 5.4 and 5.3. Note that this code only generates one kind of explanation. To generate
another, lines 32-50 would need to be modified for the new explanation, accomplishing the
equivalent of line 8 in Figure 5.3.

165



1 from sklearn.preprocessing import OneHotEncoder
2 import shap
3 import reverse_geocoder
4

5 X_train = load_training_data() # external function
6 X_to_explain = load_data_to_be_explained()
7

8 def transform_to_x_model(X):
9 x_to_encode = X[["ocean_proximity"]]

10 ohe = OneHotEncoder().fit(x_to_encode)
11 encoded_columns = ohe.get_feature_names_out()
12 ocean_encoded = ohe.transform(x_to_encode)
13 return pd.concat([X.drop("ocean_proximity", axis="columns"),
14 ocean_encoded], axis=1)
15

16 X_train_model = transform_to_x_model(X_train)
17 X_model = transform_to_x_model(X_to_explain)
18

19 X_interpret = X_to_explain.copy()
20 coordinates = list(
21 X_interpret[["latitude", "longitude"]].itertuples(index=False, name=None))
22 results = reverse_geocoder.search(coordinates)
23 neighborhoods = [result["name"] for result in results]
24 X_interpret["neighborhood"] = neighborhoods
25 X_interpret = X_interpret.drop(columns=["latitude", "longitude"])
26

27 model = train_model(X_train_model) # external function
28 explainer = shap.Explainer(model, X_train_model)
29 shap_exp = explainer(X_model)
30 columns = X_model.columns
31 exp_df = pd.DataFrame(shap_exp.values, columns=columns)
32 encoded_features = [item for item in encoded_columns
33 if item.startswith("ocean_proximity_")]
34 exp_df = exp_df.drop(encoded_features, axis="columns")
35 exp_df["ocean_proximity"] = exp_df[encoded_features].sum(axis=1)
36 exp_df["neighborhood"] = exp_df["latitude"] + exp_df["longitude"]
37 exp_df = exp_df.drop(columns=["latitude", "longitude"])
38

39 feature_descs = {"med_income": "Median income", ...}
40 exp1 = exp_df.rename(feature_descs, axis="columns")

Figure B.1
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Appendix C

Sibyl Additional Contents

C.1 Screenshots of Sibylapp Interfaces

Figures C.1 – C.8 show screenshots from various Sibylapp interfaces, with our demo appli-
cation of house price prediction. These interfaces can also be found and interacted with at
https://sibylapp.streamlit.app/.

Figure C.1: Overall structure of a Sibylapp tool, including the following components. From
top to bottom in the left toolbar: the configured set of interfaces available, the entity selector,
prediction for the selected entity, brief instructions on how to use the selected interface.
From top to bottom in the main interface space: A search-and-filter box that allows filtering
features by name and category, sort options specific to the type of explanation, and the
explanation itself.
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Figure C.2: The main explanation interface contents for the Explore a Prediction interface.
This interface shows the positive or negative contributions of each feature to the final model
prediction. The right-most column in the table allows users to see more detailed information
about how the model uses a specific feature, as shown in Figure C.8
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Figure C.3: The main explanation interface contents for the Similar Entities (Houses) inter-
face. The Selected column shows feature values for the currently selected entity, while the
Similar House columns show the feature values for the two nearest neighbors in the training
set. Users can choose to see only the rows that differ between the select and similar houses.
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Figure C.4: The main explanation interface contents for the Compare Entities interface.
Users select two houses or observations to compare from the left sidebar (not shown), and
see the difference in prediction and feature contributions between these two inputs. Here,
we can see that House 1 is predicted to sell for around $50,000 more than House 0, with
the primary cause of the increase coming from its second floor, large size, and high quality
materials.

170



Figure C.5: The main explanation interface contents for the Experiment with Changes
interface. Users can select up to five features to modify, and see how the model prediction
would be different in this hypothetical scenario. In this example, we can see that if the
house was on a property with a severe slope, rather than the gentle slope it is actually on,
its predict price would decrease significantly. On the other hand, reducing the lot size by
about 5,000 sq. ft. has a relatively small effect.
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Figure C.6: The main explanation interface contents for the Understand the Model – Feature
Importance interface. Each bar shows the overall importance of each feature to the mode,
sorted in descending order by importance.
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Figure C.7: The main explanation interface contents for the Understand the Model – Global
Contributions interface. At the top of this interface, users can select only a specific range
of predictions (or set of predictions for classification models) to see contributions for. For
each feature, across the full dataset, the positive and negative contributions are visualized
separately. For example, we can see here that, among more expensive houses, the garage
quality feature often significantly increases the model prediction, but never decreases it. On
the other hand, the Second Floor Square Feet feature may increase or decrease house price
predictions among more expensive houses, depending on its exact value.
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Figure C.8: The main explanation interface contents for the Understand the Model – Explore
a Feature interface. This interface shows users how different features contribute to the model
overall, across all values in the training dataset. Each point in the plot on the left shows an
observation (house) in the training data. The points x-axis represents the feature value, the
y-axis represents its feature contribution to the model prediction for that observation, and
the color represents the model’s prediction for that observation. In this example, we can see
that higher living area values have higher contributions to the model predictions; living area
sizes below around 1,700 decrease the model’s prediction, and size above this point increase
the model’s prediction. Because the model for this example in a Linear Regression model,
we see a clear linear trend.
Users can also select points in this plot to see the full feature contribution table for this entry
on the right.
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