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Abstract

NASA tracks over 16,000 technology projects across the
Agency, from propulsion systems to software. These projects
are classified according to NASA’s Technology Taxonomy to
facilitate data search, extraction, and application. In 2020, the
Taxonomy was revised to better align strategic goals with
project technical disciplines. Manual re-classification of cur-
rent and historical projects was estimated to take thousands
of technologist labor hours.

Instead of manual classification, our team developed T-
Rex, a recommender engine, trained on just a small set of
manually classified projects. T-Rex was used to classify the
projects and then integrate the data into TechPort to recom-
mend classes to users when updating projects. The system
and methodology are used in other NASA projects, and T-Rex
has achieved 95% accepted accuracy overall.

CCS Concepts: » Information systems — Recommender
systems.

Keywords: Space Technology, Portfolio Management, Tech-
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1 Introduction and Overview

In recent years there has been an astronomical increase in the
amount of worldwide data. Some studies estimate worldwide
data will increase to 175 ZB in 2025 [20], doubling from 2022
levels [22]. With rapid data growth, there is an increased
need for ways to determine what data exists, where to find
data, how to access the data, and how to determine the value
of the data to an organization.

To address these data challenges, many organizations de-
termine common features in collected data and use those
features as properties in creating a classification system.
Mankind has created classification systems across all do-
mains: biology, with the universal biological Taxonomy in-
troduced by Carl Linnaeus in the 18th century [5], books
with the Dewey Decimal Classification System [25], tech-
nology in the US patent classification system [4, 13], movies
through the Internet Movie Database (IMDB) [16], websites
on the Internet in the early Yahoo! website ontology [11],
Directory Mozilla (DMOZ), and the Open Directory Project
[18], and in specialized technical systems. For instance, the
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ACM uses the Computing Classification System as a hierar-
chical ontolgy for classifications in the field of computing
[21] which is used to classify this research.

Another example of a technology classification system is
the NASA Technology Taxonomy [19]. The taxonomy is
comprised of three hierarchical levels with 17 distinct Level
1 Taxonomy Areas encompassing a broad range of tech-
nologies from propulsion to information processing. The
sub-areas in Level 2 are further refined into 387 Level 3 de-
scriptions encompassing specific types of technologies, as
shown in Figure 1. NASA uses this new system to align long-
term strategic goals, such as goals in aerospace and environ-
ment, with technology projects and investments. Classifying
technologies according to a common taxonomy provides a
means to efficiently find technologies of interest and corre-
late investments to avoid duplication of effort and improve
existing technology. As new Agency goals and objectives
emerge, the Taxonomy is periodically revised, with the most
recent edition published in 2020.

NASA currently tracks over 16,000 applied research and
experimental development projects developed in the last
decade, collecting project data and metadata in NASA’s of-
ficial technology portfolio system known as TechPort [3].
TechPort was tasked with applying the new NASA Technol-
ogy Taxonomy to project records, requesting that managers
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Figure 1. The 2020 NASA Technology Taxonomy
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classify their projects accurately and quickly. Requiring over
10,000 project managers to familiarize themselves with 387
classification possibilities would require extensive training
and verification, estimated in thousands of hours. Instead of
a manual approach, the team recommended the development
of a technology that would automatically classify the 16,000
existing projects, and provide a future-proof solution that
recommends taxonomy classifications to managers when
new records are added to TechPort.

However, development of the classification and recom-
mendation system for the new taxonomy was non-trivial.
The prior version of the Technology Taxonomy used to clas-
sify records in older NASA systems could not be used reliably.
Many projects were missing information and lacked classi-
fication altogether. NASA awards short-term projects that
span industry, academia, and other agencies, meaning some
managers no longer had access or a means to update project
data. Even when a classification was available in project
metadata, in several cases it was recorded incorrectly or not
at a sufficient level of detail.

Additionally, many technology classifications at Level 3
can lead to seemingly ambiguous choices for even a skilled
technologist. For instance, class TX4.5.7 is titled "Modeling,
Simulation, Analysis, and Test of Rendezvous, Proximity Op-
erations, and Capture" and TX17.3.2 is "Dynamics Analysis,
Modeling, and Simulation Tools." Both areas discuss model-
ing and simulation and responses to forces by aerospace vehi-
cles. However, the first class is in a robotic systems sub-tree,
whereas the later is under a generic guidance, navigation,
and control tree.

Finally, there were limited data available for training and
testing. Only 1,200 projects were classified into the new tax-
onomy by hand by a group of data experts. These projects
mapped to only about 70% of the 387 Level 3 taxonomy
classes, leaving more than 100 classes with only a small de-
scription of text as one data point. Some categories had 30
projects mapped while others had none. With empty and im-
balanced class test and training data, developing any accurate
model is difficult. Many existing classification approaches
were investigated that resulted in < 50% accuracy.

To solve these challenges, we designed, built, and deployed
a system called T-Rex, or the NASA Technology Taxonomy
Recommender System. The contributions of T-Rex is notable
across multiple areas from model selection to optimization
and deployment. Our recommender is integrated into Tech-
Port in a novel, effective manner; and other groups at NASA
are now using T-Rex to programmatically classify technol-
ogy through an exposed API. The system has since been used
in other projects to train and build recommenders, such as
the NASA Technology Target Destination system. We found
our model achieves over 96% accuracy in k-fold training, and
over 97.5% accuracy in measured user updates.
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2 T-Rex

T-Rex is an amalgamation of classifier models, custom mod-
els, and voting optimization and pruning methods for effi-
cient, accurate, deployed models. The system automatically
optimizes, selects, and combines multiple individual models.
It uses prior classification information only when accurate
to suggest a subset of classes as recommendations for other
models. Our training algorithm optimizes weighting from
individual models from a matrix of individual model outputs
to reduce training time.

The T-Rex Machine Learning model is shown in Figure 2.
Project metadata for the model includes five textual fields
including technology title, description, benefits, and a find-
ings closeout summary. A potential prior technology area
reference which may be absent or incorrect is also included
in the metadata.

The textual fields are pruned for stop words and punctua-
tion and word roots are utilized (not shown for space). Once
the word roots are determined, metadata on the words is
pulled from our model. This word metadata includes word
frequencies in each class, overall word frequencies, and word
weights for each class. Word weights are determined in our
training step, described below, using Neighborhood Compo-
nent Analysis.

The words and their corresponding metadata are sent to an
array of optimized sub-models. As shown in the figure, these
models include a K-Nearest Neighbors (KNN), Support Vector
Machine (SVM), Hierarchical Decision Tree (Tree), Bag of
Words (Bag), and Naive Bayes model. Tree and Bag did not
contribute to the overall accuracy and were removed during
optimization. The Map classifier takes a potentially empty
prior technology area classification and, if present, produces
a set of potential new taxonomy area classifications equally
weighted. This map of taxonomy classes for the project may
be large depending on the prior areas. For instance one area
might have up to 20 similar taxonomy classes, yielding a
map vector containing 367 zeros and twenty 0.05 entries.

Each sub-model produces a vector of probabilities, one for
each of the 387 output classes. We then multiply the weight
vector with a combined matrix of each sub-model output,
yielding a vector of 387 probabilities. The weight of the Map

)
Project Word
Metadata Weights Optimized
"""""""""" Weighted
. Voting
Title Classifier
« Description (mm===- N Model
Tree, Bag, Combination
« Benefits — o |
« Closeout Word
Summary Frequency
(7 Broe1all Recommended
- _P roject IAJ Classes and
— Probabilities

Figure 2. The T-Rex Machine Learning Model Architecture
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Figure 3. The T-Rex Training and Optimization Process
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is low enough such that incorrect priors are overridden by
high outputs on other closely matched sub-models. Any sub-
model that is weak in one set of class predictions may be
overcome by another sub-model.

The training process is shown in Figure 3. We only re-
ceived approximately 1,200 manually classified projects; that
effort alone took several weeks. Some classes did not have
any project data, therefore we also utilized the taxonomy
class title, description, and taxonomy node parents. We then
prepared the data for training by removing punctuation,
common or stop words such as a, at, the, etc., and split the
projects into train and test data sets. Due to some classes
only having one data point, e.g. the class description, we
preformed 10-fold cross-validation training, and only pulled
final test cases from classes with multiple projects.

In the Create Models step, we produce an array of sub-
models. In the Param Optimization step, each model was
individually optimized with its features, such as number of
neighbors K in KNN. Once the NCA model was optimized,
it produced word weights and feature sets which were used
in our training steps.

Once individual models were optimized, we combined
the sub-models in the final step. For each sub-model M, we
recorded the class probability output C for each project data
point N, producing an M x C x N matrix U. We then found
the weight vector W of size M, such that W times U, had the
closest match to the desired output C x N. To find W, we
searched the sub-space of combinations of Wwhose elements
summed to 1 for weighted probabilities at 0.01 granularity.

2.1 System Architecture and User Interface

The system architecture is shown in Figure 4. T-Rex was
deployed in Amazon SageMaker with staging and produc-
tion models. We create a REST-based API that is used by
the TechPort client application and other NASA users. The
client API can be configured to contact the T-Rex instance
via the Amazon API Gateway or through the TechPort ap-
plication server. We found that either method produces fast
recommendations for users.

The User Interface for recommendations is shown in Fig-
ure 5. When a user creates a project record in TechPort, or
edits the classification of an existing record, an asynchro-
nous call is made to T-Rex, returning an array of the top five
recommendations. Based on experimental thresholds and the
probabilities of the recommended classes, recommendations
are shown as High, Medium, or Low, or removed.

Figure 4. T-Rex System Architecture
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The elements of the current taxonomy are shown below. Icons to the right of listings are
generated by our Recommendation Engine.

TX03 Aerospace Power and Energy Storage
TX04 Robotic Systems

TX05 Communications, Navigation, and Orbital Debris Tracking and
Characterization Systems

TX06 Human Health, Life Support, and Habitation Systems @

TX06.1 Environmental Control & Life Support Systems (ECLSS) and
Habitation Systems

TX06.2 Extravehicular Activity Systems

TX06.3 Human Health and Performance O
. TX06.3.1 Medical Diagnosis and Prognosis
[l ) 7x06.3.2 Prevention and Countermeasures ™M
. TX06.3.3 Behavioral Health and Performance
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Monitoring

. TX06.3.5 Food Production, Processing, and Preservation
. TX06.3.6 Long Duration Health @
. TX06.3.7 System Transformative Health and Performance Concepts

Figure 5. Recommendations Highlighted with H, M, or L

3 Evaluation

Individual model performance was increased with the intro-
duction of the NCA word weighting, but was not sufficient.
Subsets of the Confusion Matrices are shown in Figure 6
for KNN and Figure 7 for Naive Bayes. When these mod-
els are combined with the optimized weights, the best from
KNN can outweigh NB and vice-versa. Figure 8 shows the
accuracy versus the combined model with relative model
contributions in weights. With just one model, NB performs
best with only 47%. However, when combining two models,
Map which produces an even distribution favoring no class,
is weighted at 0.96 and is boosted by SVM at 0.04 to select
amongst the mapped classes. As more models are utilized,
a more even distribution of weights is observed; however,
there is no accuracy benefit after using 4 sub-models. The
overall experimental accuracy is measured over 96%.

For deployed model accuracy, we measure changed project
classifications on the deployed system. On May 22, 2020,
the remaining 14,800 non-manually classified projects were
analyzed by T-Rex. The top recommendation for each of
these projects was then uploaded into the TechPort database
as the primary class for each project. Almost 2.5 years later,
in October 2022, only 810 projects had been changed to a
different taxonomy class. It is important to note that NASA
policy requires project data in TechPort to be validated and
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updated bi-annually, and the automatic classification by T-
Rex was communicated and reviewed by managers. The
small number of class changes for projects correlates to an
observed 94.5% acceptance accuracy.

Threshold selection for High, Medium, and Low is shown
in Figure 9. The cumulative distributions for each of primary,
secondary, tertiary, and quaternary selections were plotted.
To recommend approximately 4 classes with high probability,
maximum non-interfering thresholds were determined to
be 0.44, 0.24, and 0.5. The application uses the probabilities
returned from the API for highlighting in the UL

4 Related Work

A survey of classification systems across various domains
was performed in [23]. For websites, a multi-agent recom-
mender system was developed [15, 17], and a categorization
engine with boosting was developed with 76% accuracy [10].
In video content, the Netflix recommender system is de-
scribed [6], IMDB recommendation using graphs [7], and
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custom models using a variety of methods [2] has been
explored. Deep learning has been used in patent classifica-
tion [12, 14], other technical document classification [9],
music features [8], and other recommender systems [28].
Patents have also been classified using a combination of SVM
and LDA [27] and NLP with NN [24]. Other recommender
systems have used Reinforcement Learning [1, 26, 29].

5 Summary

We presented and described T-Rex, the NASA Technology
Taxonomy Recommender System. The system is comprised
of a novel model selection, mapping, and optimization pro-
cess, maximizing performance and pruning unused models.

The system has been deployed for over two years and
recommended almost 40,000 classifications. It is used by mul-
tiple groups, and similar methods have been used in another
recommender system for technology target destinations. T-
Rex achieves high accuracy of almost 95% on both small sets
of training data and observations in practice.
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