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“A Digital Twin is a set of virtual information constructs 
that mimics the structure, context, and behavior of an 
individual/unique physical asset, is dynamically updated 
with data from its physical twin throughout its lifecycle, 
and informs decisions that realize value”

- AIAA Institute Position Paper, 2020
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Digital twins have the potential to revolutionize
decision-making across science, technology & society
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Foundational Research Gaps 
and Future Directions for 
Digital Twins

A National Academies of Sciences, Engineering, and Medicine-appointed 
ad hoc committee will identify needs and opportunities to advance the 
mathematical, statistical, and computational foundations of digital twins 
in applications across science, medicine, engineering, and society. 
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Statement of Task
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A National Academies of Sciences, Engineering, and Medicine-appointed ad hoc 
committee will identify needs and opportunities to advance the mathematical, 
statistical, and computational foundations of digital twins in applications across 
science, medicine, engineering, and society. In so doing, the committee will address 
the following questions:

• How are digital twins defined across communities?
• What foundational gaps or opportunities vary across application domains?
• What best or promising practices for digital twins are emerging within and 

across application domains?
• What opportunities exist for translation of best practices across domains?
• What use cases could advance awareness of and confidence in digital twins?
• What are the key challenges and opportunities in the research, 

development, and application of advancements in digital twins?



Sponsors

• National Science Foundation
– Engineering Directorate

– Mathematical and Physical 
Sciences Directorate

• Department of Defense
– Air Force Office of Scientific 

Research

– Defense Advanced Research 
Projects Agency

• Department of Energy
– Advanced Scientific Computing 

Research

– Biological and Environmental 
Research

• National Institutes of Health
– National Cancer Institute

– Office of Data Science Strategy

– National Institute of Biomedical 
Imaging and Bioengineering
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From Physical to Virtual
inverse problems, data assimilation, 
sensor fusion, model adaptation

From Virtual to Physical 
automated control, decision making, 

sensor steering, experimental design

Validation, 
Verification, 
Uncertainty 

Quantification

Physical 
System

Virtual 
Representation

MATHEMATICAL
MODEL

NUMERICAL MODEL
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DATA

NUMERICAL MODEL

ANALYTICS

DECISION MAKING

Conceptualizing 
a Digital Twin
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Conceptualizing 
a Digital Twin
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Complex physical phenomena
multiscale, multiphysics

High dimensionality 
of parameter spaces, state spaces & decision spaces

Computational constraints
rapid / real-time assimilation & predictions, security, privacy

Limited data
observations are noisy, indirect, & expensive/intrusive to acquire

Verification, validation & uncertainty quantification
with dynamically evolving assets & models

The mathematical & computational 
challenges of Digital Twins



PREDICTIVE PHYSICS-BASED MODELING & SIMULATION

MACHINE LEARNING

HUMAN-COMPUTER INTERACTIONS OPTIMIZATION & CONTROL

ARTIFICIAL INTELLIGENCE

Digital 
Twins

HIGH-PERFORMANCE COMPUTING

DOMAIN KNOWLEDGE

EDGE COMPUTING

UNCERTAINTY QUANTIFICATIONDATA ASSIMILATION

Next-generation digital tools that move 
Beyond Forward Simulation 

SURROGATE MODELING
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