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1 SUMMARY

TwoRavens quickly brings machine learning insight from data.

◦ It allows a domain expert to quickly complete high quality, predictive and interpretable models without
any statistical or machine learning expertise.

◦ It helps a data scientist to rapidly search through the entire machine learning catalog to build quality
baseline models for insight and further elaboration.

To do so, the system facilitates intuitive machine learning and model interpretation, model discovery, and
data exploration. As our intelligent back-end automatically seeks interesting relationships in the data and
builds models to predict outcomes, researchers impart substantive knowledge about their data and own
research questions to guide the automated generation of AI assistance for data analysis in an interactive
paradigm we call human-guided machine learning.

Aggregation

	
Exploration

	
Model Expression

	

AutoML
Pipelines

	
Interpretation

Figure 1: Representative workflow across TwoRavens components
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2 INTRODUCTION

The DARPA Data Driven Discovery of Models (D3M) program automates the methods in data science to
create empirical models of real, complex processes (Shen, 2016). D3M enables non-expert users to make
predictions from data without the need for data scientists. The program accelerates scientific discovery and
intelligence analysis by automatically searching the complex model space and discovering and explaining
models to users. TwoRavens is a D3M system.
TwoRavens, a D3M system, is a Web-based platform for automated machine learning and statistical analysis
(Honaker and D’Orazio, 2014; D’Orazio et al., 2018). The goal is to allow the domain expert, in concert with
our system, to complete a high quality, predictive and interpretable model without a statistical expert. To
do so, the system facilitates intuitive machine learning and model interpretation, model discovery, and data
exploration. As our intelligent back-end automatically seeks interesting relationships in the data and builds
models to predict outcomes, researchers impart substantive knowledge about their data and own research
questions to guide the automated generation of AI assistance for data analysis in an interactive paradigm
we call human-guided machine learning (Gil et al., 2019).

Philosophy

In the very best research settings, where there are collaborations between domain experts and data scientists
or statistical experts, exploration into the data is a joint venture where statisticians drive the computational
machinery of analysis, but are directed to the interesting features by the knowledge of the domain expert.
Our belief is that you can automate much of what the statistician brings, but the domain expert remains
central to the task. Thus, our goal is to augment the domain expert, leading to the construction of high
quality, impactful and interpretable models.
Thus, the fundamental goal of the TwoRavens interface is to extract from an expert all of the substantive
and domain knowledge they have about a problem, in order to better inform the construction of a statistical
model.
Often the domain expert does not even realize what knowledge is most valuable, or what its implications
are for tailoring the statistical choices, but a good statistical collaborator can untangle and extract that
information through discussion and patient collaboration.

Features

TwoRavens revolves around modes to step through a workflow. Different modes signify different steps or
goals a user might be attempting in the current part of their analysis. From these modes, the features
available to the user are swapped or modified to better work for that intended task.

Dataset Mode gives different ways for a user to bring data into the sys-
tem. Here a user can upload new datasets, switch between datasets already
available, and access the Datamarts. Datamarts are a way to augment cur-
rent datasets with additional relevant data to a problem.

Figure 2: Data aggregation in
dataset mode
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Explore Mode allows a user to perform exploratory data analysis by intuitively generating visualizations
of relationships between variables.

Figure 3: Representative explore mode visualizations

Model Mode allows a user to construct models of interest, specify a target to predict, explore the au-
tomatically discovered problems suggested by the system, override any metadata created for features and
change the problem characteristics of the model.

Figure 4: Representative model mode features

Results Mode allows a user to automatically generate machine learning solutions for a user constructed
model, explore previously constructed models to gain insights into model performance, and understand the
relative importance of features within and across different machine learning solutions.

Figure 5: Representative model mode features
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3 METHODS, ASSUMPTIONS, AND PROCEDURES

We describe here the methods available through the TwoRavens interface, and the procedures a user follows,
to explore and understand their data, specify the domain information they know, and set up a search for a
machine learning model matched to their needs.

3.1 User Login and Account

Users are given their own login credentials
when provided a link to the system for
training and Experiment. In addition to
the login using D3M credentials which give
you access to the server, the TwoRavens
platform has an additional login system.
As a test user, you can log in simply as:

Username test user

Password test user

These credentials are also noted in the blue
box on the login screen if forgotten. En-
ter these credentials to be a test user, and
press the blue “Login” button on the bot-
tom right.

Figure 6: User login window

3.2 Help

Help Buttons: In the footer of the page, are
three buttons to bring up additional help.

Figure 7: Available help buttons

Figure 8: Signposted help tour

Help Tour: The first help button brings
up a guided tour of the interface with
a series of help signposts describing and
pointing to features. This tour can be
turned off or started again at any time.

Figure 9: Page with available help video thumbnails

Help Video: The third help button
brings up a page of guided videos demon-
strating different available portions of the
TwoRavens workflow.

The third help button brings up the latest version of the full manual.
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3.3 Header and Footers

3.3.1 Header

The Header bar across the top of TwoRavens contains some preliminary information about TwoRavens
and the dataset that has been opened. The header contains abstract information that is true regardless
of the exploration and analysis performed, such as the name and citation to the data used, and the state
of the software (for example, the version of TwoRavens being used, and the readiness of the server to run
estimation).

Modes: A core feature of TwoRavens is the concept
of a Mode. Users switch between Modes by clicking
one of the four Mode buttons in the Header. More
information on Modes is in Section 3.4. Figure 10: Mode buttons

About Image: A TwoRavens icon can be found on
the top left of the interface. On mouseover, a message
will describe the current version number and release
name of this instance of TwoRavens.

Figure 11: TwoRavens version information

Dataset Name: The name given to the dataset is
shown in the center of the header. This name is read
from the metadata file of the dataset in the data repos-
itory. Clicking the name will switch to Dataset, where
more information is provided. The workspace and
problem id are also listed here.

Figure 12: Dataset and workspace information

3.3.2 Footer

The footer provides quick access to help materials, logs of any system alerts or errors, and the raw data.

Figure 13: Footer help buttons

On the left of the footer are buttons for accessing the help
materials (the tour, the videos and the manual) already de-
scribed in section 3.2. Next to these are buttons that will
bring up logs of any system alerts and system errors.

On the right of the footer is denoted the number of rows in
the current dataset. If the current dataset is very large, at
startup this number will grow as our system reads in batches
of observations into our database. The “Download” button
allows you to copy the current dataset into a local file. The
“Peek” button selects a random set of rows from the dataset
to display, for the user to explore. The external link button,
on the right, opens a new tab to view the data.

Figure 14: Dataset download and peak func-
tions
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3.4 Modes

The core concept of TwoRavens is mode. Different modes signify different main goals a user might be
attempting in the current part of their analysis. When the system is in different modes, the features available
to the user will be swapped or modified to better work for that intended task. The following outlines the
available modes for users, and their uses.

Mode Buttons: The four mode buttons in the top
right of the header allow switching between modes.

Figure 15: Mode selection buttons

Figure 16: Dataset mode

Dataset Mode gives different ways for a
user to bring data into the system. Here a
user can upload new datasets, pull in data
from the Web via URL or OpenML ID,
switch between datasets already available,
and access the Datamarts to augment
current datasets with additional data.

Figure 17: Model mode

Model Mode allows a user to construct
models of interest, specify a target to pre-
dict, explore the automatically discovered
problems suggested by the system, override
any metadata created for features and
change the problem characteristics of the
model.

Figure 18: Explore mode

Explore Mode allows a user to perform
exploratory data analysis by intuitively
generating visualizations of relationships
between variables.

Figure 19: Results mode

Results Mode allows a user to au-
tomatically generate machine learning
solutions for a user constructed model,
explore previously constructed models
to gain insights into model performance,
and understand the relative importance
of features within and across different
machine learning solutions.

Typically a workflow moves across these modes in order, but a user is free to move between them as needed.
We now detail features available in each mode.

6
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3.5 Dataset Mode

1. Dataset Report and Annotations provides an overview of the data and options to input descriptions
and tag features in the data. For example, add variable descriptions or tag a feature as nominal.

2. Datasource allows the user to load new data. Details below.

3. Manipulations includes features to transform the data and then use that transformed data for the
remainder of the session. See Section 3.6 for more information.

Datasource

Figure 20: Dataset summary tab

Current Tab gives a quick summary of high-level
information about the current dataset loaded into
TwoRavens.

Presets Tab brings up a list of all the other avail-
able datasets that TwoRavens currently has available.
The current dataset will be signified as “Loaded”
while the user can switch to any of the other datasets
by pressing their “Load” button.

Figure 21: Presets tab

Figure 22: Upload tab

Upload Tab allows the user to add a dataset into
the TwoRavens system from a local file. Currently,
this works for files formatted as .csv. When a file
is uploaded, the TwoRavens metadata profiler will
compute an automated analysis of the data. When a
new dataset is uploaded, it will also be loaded as the
current dataset in TwoRavens.

Online Tab provides an input box for either a URL
or an OpenML ID. These are used to pull data into
TwoRavens directly from online sources.

Figure 23: Online tab
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3.6 Augment with Datamart

Datamart enables the user to find new, relevant data and to merge it into the existing dataset.

Figure 24: Dataset manipulations control

Under Manipulations, select “Augment Step” high-
lighted in green.

Enter a keyword that you’d like to use to begin your
search for new data. Then, using the NYU Datamart,
select Search. This will open a new tab, and from
here you’ll use the NYU Datamart system to identify
and join appropriate data.

Figure 25: Datamart keyword search

Documentation for the NYU Datamart system, Auctus, can be found here: https://docs.auctus.

vida-nyu.org/. Please refer to their documentation for the details of their system.

Figure 26: NYU Auctus Datamart system

To add an entire dataset using the columns that
Auctus identifies as relevant, click the “Add to
TwoRavens” button.

Auctus also provides users with many options to
control the data merge, which are set by selecting the
“Augment Options” button.

When the join is complete, switch back to the TwoRavens tab in your browser. The TwoRavens system is
now analyzing a new dataset, which consists of the original data plus the augmented data.
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3.7 Model Mode

In model mode, there are left and right panels, and a central control surface. The left panel facilitates
learning about the variables, the central control surface lets a user build up a directed graph among the
features to highlight information they know about the data and build relationships among the variables to
model, while the right panel lets them specify exactly how that model should be tailored.

3.7.1 Model Mode: Left Panel

Variables Tab: The default panel shows a list of the fea-
tures available in the current dataset. Mouseover of any
feature name will give a table of summary statistics for that
variable. Variables that have special types of metadata will
be outlined in specific colors, while those that are included
in the present model will be have darker backgrounds.

Figure 27: Variable list

Figure 28: Problem discovery

Problem Discovery: The “Discovery”
panel suggests relationships between fea-
tures in the data that appear to have
explanatory power.

This window is reached by opening the
“Discovery” tab in the left panel.

We call these discovered problems in the
sense that they are relationships we could
attempt to build a machine learning al-
gorithm to model and use to predict the
target variable. We also sometimes refer to
these as discovered relationships.
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Add New Problems:

The discovered problem table is populated with poten-
tial relationships that are automatically discovered by
TwoRavens. However, if the user is interested in adding
a new relationship of their own construction into this list,
they can create a custom problem.

First make sure that TwoRavens is in “Model” mode by
selecting the “Model” button in the header, and select
the “Variables” tab in the left panel to list the available
variables.

The center panel can then be used to add or remove vari-
ables of interest by clicking on their name in the left panel,
and by selecting a target dependent variable by selecting a
pebble and clicking the “Target” arc that surrounds it.

Figure 29: Problem control surface

When you have constructed a possible relationship you are interested in adding to the discovered problems
table, click the “Discover” tab in the left panel controls and then select “Save.” These will appear as
“Custom Problems” in the Discovered Problem tab.

Edit Problem Descriptions When a problem is highlighted, a short sentence description of that
problem is written below the discovered problem table. If you think that sentence could be improved, you
can select the text and edit it in any manner you wish.

Figure 30: Problem description text

For more information on using the center panel to describe possible relationships between variables, see
section 3.7.3 on model building.
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3.7.2 Model Mode: Control Surface

The central Control Surface is where variables, represented as pebbles, can be arranged into a directed
graph to represent possible relationships to explore among the variables. The panel is made up pebbles that
represent all the information in a variable, and can be arranged and connected to form a possible network
of relationships between variables, called a directed graph.

3.7.3 Model Builder

The model builder in the control surface is the heart of the TwoRavens interface. Here, every variable that
has been selected in the variable selection panel is represented as a circular icon called a Pebble. A pebble
is more than just the name of a variable, it should be thought of as a container for all the information in
that variable. Pebbles typically have graphs of the distribution of their variable, to emphasize that one
is manipulating all the observations of a variable, and not just a name. These graphs also help make the
display in this panel more informative and intuitive.

On the mouseover of a pebble, options for that pebble will ap-
pear as arcs or tabs around the border. These will contain possible
attributes about that the user can assign to that variable. For exam-
ple, the user can make a variable the target, or dependent variable, of
the analysis, or state that a variable is nominal (categorical). Vari-
ables that have been assigned attributes will be given colored halos
to represent this information, and a legend will build that explains
the meaning of these colors. (These colors will also map back to the
variables names in the variable list in the Data Selection Panel.) Figure 31: Control panel directed

graph

Pebbles can be connected by arrows. Arrows are initiated by a two-finger or right-click. If this is dragged
to another variable an arrow will be constructed between those two variables. Arrows represent possible
relationships, that is, an arrow from A to B may mean A causes B or the event of A leads to B. Arrows
may simultaneously point is both directions, for example an arrow from A to B and also an arrow from B
to A. In such situations these are created as two separate arrows. Together, the set of all arrows is called a
directed graph. Clicking on any arrow, deletes it from the graph.

3.7.4 Control Buttons

The control button in the model builder allow shortcuts and other control points for constructing models.

Add Model Button

The add model button takes the currently constructed model in the builder
and adds it as the current problem in the discovered problem tab.

Figure 32: Add button

Pin Button

By default, the graph in the model moves like a force diagram, that is, it acts
as though the pebbles have some repulsive force keeping them apart, and the
arrows act like springs. This generally moves the pebbles into a useful array.
However, if more precise control of the pebble location is desired, pressing
the pin button will lock all pebbles in place. Afterwards, any pebble can be
dragged to any location in the panel, and it will remain in that new location.
Reclicking the pin button will revert to the force effect where the pebbles
adjust themselves automatically.

Figure 33: Pin button
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Link Button

The link button is a shortcut that when clicked will link every pebble to the
target dependent variable.

Figure 34: Link button

Unlink Button

The link button is a shortcut that deletes all links in the model builder.

Figure 35: Unlink button

Wipe Button

The wipe button, when clicked will remove all pebbles from the exploration
panel, leaving a blank panel.

Figure 36: Wipe button

Model Legend

When tags have been applied to the pebbles of variables, to describe their
attributes, they are given either a colored halo or a grouping fill color as
a visual identifier of the attributes of that variable for the problem. These
colorings appear in the legend box, together with a description of their mean-
ing, to aid in interpretation of the relationship that has been described for
the problem. In the example to the right, a dependent variable (Target) has
been selected, and the legend shows this has a green fill, while a categori-
cal variable has also been tagged appropriately as nominal and the legend
identifies this with an orange halo. The legend can be minimized by clicking
the down arrow in the legend title bar.

Figure 37: Control panel
pebble legend

3.7.5 Model Mode: Right Panel

The right panel of model mode can fine tune the underlying task that model that is going to be constructed
is solving, and also has features for manipulating the dataset to subset rows, or construct new features.

Figure 38: Problem config-
uration panel

In the right panel, the “Problem” tab will allow a user to specify the
exact class of problem that is being attempted to solve, and the metric or
measure of the performance of any given solution. In current user testing,
these are automatically set correctly by the system, and do not normally
need to be adjusted. If a user does want to change them, clicking the lock
symbol would allow each of these values to be changed by a drop down menu.

By selecting True under Advanced Options, the user has access to
additional configurations to control data splits and the automated machine
learning engine.
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The “Manipulate” tab in the right panel allows a user to
manipulate the data by a number of means, including:

• transform the data by constructing a new feature as
a user constructed function of other features,

• subset the data by selecting a set smaller set of the
current observations that the model should be run on.

• impute missing data values

All steps to manipulate the dataset will be performed before
the dataset is searched for machine learning solutions. (In
the language of machine learning pipelines, these stages are
the earliest steps in the end-to-end pipeline solution.)

Figure 39: Data manipulation panel

The “Transform Step” allows a user to specify a formula by
which to construct a new features as a function of any other
current features.

Figure 40: Feature transformation formula-
tion

Figure 41: Feature subset window

The “Subset Step” allows a user to select ob-
servations in the data that meet specified crite-
ria. The appears of visualization in the Subset
Step will vary based on the type of data. Here, a
continuous variable is shown, and the user may
brush a region of the plot, or set values using
the input boxes. When finished, click the green
“Stage” button in the bottom right part of the
screen.
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3.8 Explore Mode

Explore mode facilitates the speedy construction of plots of variables to let a user quickly learn and
understand the features present in the dataset.

To enter Explore Mode, select Explore button in the header.

Figure 42: Explore mode feature tiles

When in explore mode, the center panel will fill with tiles that
can be used to select variables (if “Variables” view is selected),
or discovered problems (if “Discover” view is selected).

To explore the data, click a tile to place it on an axis of the
forthcoming plot. First variable selected is placed on the
x-axis, the second on the y-axis, and the third on the z-
axis. The z-axis is useful to plot data with a sorting variable.

When you press the green “Go” button, all the pos-
sible visualizations for the selected variable(s) will be
constructed and you can scroll between them using the leg-
end in the top. Visualizations that seem to be appropriate
to those variables, as judged by the system, will be outlined
in green, while visualizations that are unlikely to be useful
(or may be failing) are outlined in red. Figure 43: Explore mode graph control

Figure 44: Explore model representative visualizations

Figure 45: Two-way rela-
tionship visualizations

For exploring discovered problems, each tile represents the target and
predictor variables, and clicking the green “Go” button will show the
two-way relationship between each predictor with the target, to show the
strength of the relationship in the discovered problem.
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4 RESULTS AND DISCUSSION

The end product of the methods and procedures discussed in the previous section are automated pipelines
presenting machine learning solutions. We describe here how these results are accumulated, compared and
intuitively interpreted to the user, to provide machine learning predictive pipelines.

Results mode is where TwoRavens searches for solutions to the current user constructed model, and presents
intuitive ways of understanding the performance, predictions and substantive meanings of these solutions.

To begin searching for solutions, the user must click “Solve” for one of the Solvers in the left panel.

Figure 46: Solver controls

When you open results mode a list of solvers will be available in the
left panel. These are each engines that search for machine learning
solutions to the problem that has been constructed in model mode.
You can click any or all of these solvers to begin finding solutions. For
the purposes of this experiment, we suggest you use the “d3m” solver
and the “two-ravens” that have been created in the DARPA D3M
program. As solutions are found by these solvers, they will accumulate
in a list to the bottom of this panel.

When solutions are complete, they will be presented
as a list. Click on any solution to see a summary rep-
resentation of how well the solution fits. For regression
problems, this is a scatter plot of predicted versus the
actual values, as seen here.

Figure 47: Regression prediction summary

Figure 48: Multiple model comparision

You can compare the predictions of multiple pipelines
on the graph by clicking the box marked ”Model Com-
parison” and selecting the models you want to com-
pare.

For classification problems, the fit is summarized us-
ing a confusion matrix. All observations that have the
correct prediction will show up on the diagonal of the
table, so models with most observations on the diag-
onal are making good predictions. Mouseover on any
cell of the table will provide information about predic-
tions for that cell.

Figure 49: Classification prediction summary
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Figure 50: Results accordion

Exploration of solutions is navigated using the
Results Accordion. The summary plots discussed
above are in the Prediction Summary tab.

Variable Importance describes which features in the
model are the most important in constructing the pre-
dictions for the solution. A bar graph shows the relative
impact of each variable in the model towards the final
prediction; features with higher values have a greater
impact on the outcome target of interest.

If Model Comparison is checked, then multiple mod-
els can be selected, and the bar chart will show the feature
importances for all selected models. This is an easy visual
diagnostic that tells whether the models agree on the
relative importance of the variables in the model.

Figure 51: Feature importance diagnostics

Figure 52: Feature effect interpretation

Model Interpretation shows the model’s predicted value
of the target variable (y-axis) across the range of the
feature (x-axis). These graphs are arranged in order of
feature importance. Empirical first differences show the
average target value across all observations in the test data
that are close to that value in the feature dimension. A
shaded line is also plotted that shows the actual empirical
average of all the target values when the feature is at that
value in the dimension. These lines should be close (in
good models, they will often be on top of each other) or
else that means there are regions in the feature where the
model is making systematically bad predictions.

When the modeled problem is a classification prob-
lem, Empirical First Differences show multiple sets of lines,
color coded, each of which represent the average probability
of each class being the predicted class.

In addition to EFD, users may use the Partials and
PDP/ICE tabs for model interpretation.
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Opening the “Solution Description” allows users to see the
constituent parts that have been composed together in a se-
quence to build a machine learning solution for this problem.
In simple models, this may only have one or few steps, while
complex pipelines often have a dozen or more components.
You may also download input data and predictions.

Figure 53: Pipeline solution component vi-
sualization

Figure 54: Upload prediction dataset control

Upload Dataset provides the option to generate predic-
tions on a new dataset. Select Browse, upload your new
data, and click Produce. Once complete, you can click “Se-
lect.” To go back to a different dataset, choose a different
option for “data split” in the Results panel on the left.
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5 CONCLUSIONS

TwoRavens is a platform for machine learning that allows a domain expert, in concert with our system,
to complete a high quality, predictive and interpretable model without any statistical or machine learning
expertise. To do so, the system allows a user to easily upload and profile new data, append data from the
related D3M Datamart system. This data can then we explored through automated low dimensional graphs
automatically constructed, and lower dimensional relationships automatically discovered by the system.
These can form the foundation for user defined models through our directed graph control panel to intuitively
represent the relationships of interest in the data. From this, the system uses our own and other D3M autoML
engines to search for end-to-end pipelines to accomplish the desired predictive task. Competing solutions
are intuitively represented to back to the user, along with interpretations of the relative feature importance
of variables in these models, and their predictive accuracy.
Most analysts are heavily invested in the collection of their data, understand their variables well, and possess
expert substantive knowledge about the plausibility of various relationships. What they may not know is the
set of plausible machine learning models appropriate to their objectives, or how to evaluate their performance,
or interpret their results. TwoRavens provides the automation to deliver these insights and quickly produce
highly performant machine learning pipelines.
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LIST OF SYMBOLS, ABBREVIATIONS AND ACRONYMS

AI Artificial intelligence
AutoML Automated machine learning
CSV Comma-separated Values
D3M Data driven discovery of models
DARPA Defense Advanced Research Projects Agency
EFD Empirical first differences
ICE Individual conditional expectation
NYU New York University
PDP Partial dependence plot
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