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To industry, a digital twin is a 
synchronized virtual 
representation of some 
physical system
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Digital twins need some pedantism 
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Systems theory provides the frameworks 
needed to define digital twins

Define digital twins from 
a systems perspective

Uses and limitations with 
current DTs

Show frameworks for next-
generation DTs

Demonstration



What is a Digital Twin
Robust, Interoperable Digital Twins
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A system is something that is; it is identifiable because 
it behaves different than something else
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“A system is not a thing but a list of variables” – W. Ross 
Ashby

W. R. Ashby (1956), “An Introduction to Cybernetics,” Chapman & Hall
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Giving a value to a variable is known as observation

Observations can be given by measurement or simulation
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The value of a digital twin is providing observations for 
a physical system
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The only role of a digital twin is to provide observations 
for some System of Interest (SOI)

Monitor: Measure SOI
Analyze: Process measurements from SOI
Predict: Use measurements to simulate SOI
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How can you use information about some System of Interest?

The value of a digital twin is providing information 
about the SOI

Predictive 
Maintenance

Role Optimization

Performance 
Forecasting

Informed 
Decision-Making

Automation

Trade-Space 
Exploration

Fault Traversal

Risk Analysis
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A digital twin is a system configured to enable 
observation of some analogous system
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Both systems are scoped to a similar set of variables
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Both systems also share the same behavioral constraint
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To simulate an observation requires knowledge of the 
system’s behavior
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We can simulate the SOI by measuring analogous outputs 
off the twin
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We can simulate the SOI by measuring analogous outputs 
off the twin
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A digital twin is a system configured to enable observation 
of some analogous system

J. Morris, E. Louis, D. L. Van Bossuyt, G. Mocko, and J. Wagner (2025), “Constraint Hypergraphs as a Unifying Framework for Digital Twins,” arXiv
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Synchronization mechanisms are not part of the digital 
twin

J. Lussier, E. Y. Hua, A. Ledford, D. Thomas, D. L. Van Bossuyt, and A. Wooley (2025), “Differentiating 
Between Digital Twins and Control Systems for Complex Systems,” J. Comput. Inf. Sci. Eng.
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Problems with digital twins 
stem from maintaining meaning 
when connecting information 
for complex systems
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Understanding complex systems requires integration of 
heterogeneous information and models
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Issues with modeling—such as uncertainty, verification, 
or ignorance—are not unique to digital twins

NASA (1965), “Apollo Mission SA-501 Preliminary Mission Profile,” Technical Report
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Emergent behavior arises when trying to combine 
subsystem digital twins
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Complex behaviors require advanced software to solve, 
all which must be connected to make the digital twin
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Using constraint hypergraphs (CHGs) mitigates many 
of these problems

independent software



Constraint Hypergraphs
Robust, Interoperable Digital Twins



27 of 46

The behavior of a system is given by the relations, or 
constraints, between system variables

What is the behavior of this cube?

J. C. Willems (2007),“The Behavioral Approach to Open and Interconnected Systems,” IEEE Control Systems Magazine
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If variables are sets, then relationships can be 
represented as functions
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If variables are sets, then relationships can be 
represented as functions
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What inputs are needed to observe Density?

Mass
kg

Density
kg/mm3

Volume
mm3

Length
mm

!: %×' → (

!: # → %



31 of 46

Functions compose to make new functions
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A constraint hypergraph is a mathematical structure 
consisting of all the variables (nodes) and behaviors (edges) 
modeled for a system
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J. Morris, G. Mocko, and J. Wagner (2025), “Unified System Modeling and Simulation via Constraint Hypergraphs,” J. Comput. Inf. Sci. Eng.
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Consequently, all models can be represented as a CHG

CHGs are purely functional, reducing models to their 
primitive constituents
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J. Morris, G. Mocko, and J. Wagner (2026), “Effects of Functional and Declarative Modeling Frameworks on System Simulation,” J. Dyn. Sys., Meas., Control
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There are three structures in a CHG that complicate 
modeling
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J. Morris, G. Mocko, and J. Wagner (2025), “Unified System Modeling and Simulation via Constraint Hypergraphs,” J. Comput. Inf. Sci. Eng.
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All paths through a CHG are a valid simulation
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J. Morris, G. Mocko, and J. Wagner (2026), “Effects of Functional and Declarative Modeling Frameworks on System Simulation,” J. Dyn. Sys., Meas., Control



36 of 46

CHGs are a fully simulatable framework

Pathfinding enables declarative simulation
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Imperative Declarative

J. Morris, G. Mocko, and J. Wagner (2026), “Effects of Functional and Declarative Modeling Frameworks on System Simulation,” J. Dyn. Sys., Meas., Control
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Declarative simulation provided by ConstraintHg

J. Morris, (2026). “ConstraintHg: A Kernel for Systems Modeling and Simulation,” Journal of Open-Source Software.

https://github.com/jmorris335/ConstraintHg
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• Provides methods for:
• Representing and visualizing CHGs
• Forming cycles, partial edges, and edge weights

• Pathfinding for declarative simulation
• Extensive logging tools

• Merging CHGs

ConstraintHg Functionality

J. Morris, (2026). “ConstraintHg: A Kernel for Systems Modeling and Simulation,” Journal of Open-Source Software.

https://github.com/jmorris335/ConstraintHg
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Process of making a CHG

J. Morris, A. Indupally, S. Ramnath, G. Mocko, and J. Wagner (2026), “Declarative, Multi-physics 
Simulation Between Applications via Constraint Hypergraphs,” In press with J. Comput. Inf. Sci. Eng.
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Demonstration: Microgrid Digital Twin



41 of 46

Physical Microgrid at Naval Postgraduate School
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Previous Imperative Modeling of Microgrid

C. J. Peterson, (2019). “Systems Architecture Design and Validation Methods for Microgrid Systems,” Master’s thesis, Naval Postgraduate School
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Transformed CHG contains 594 nodes and 334 edges
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Includes all kinds of simulation and modeling

Database queries

Linear equation solvers

Dynamic simulation

File input/output

Stochastic models
Algebraic rules
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Autonomously observes and simulates the real system



John Morris
john.h.morris@uah.edu

Digital twins require foundations that can handle 
modern challenges in modeling and simulation

Digital twins are analogs of 
a real system

Twinned systems share the 
same CHG

Pathfinding leads to 
autonomous observation
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We can make our own digital twins using VisualCHG

visualchg.searchlaboratory.org


