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Motivation:
Understanding complex systems 
requires integration of heterogeneous 
information and models
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A digital twin is a system whose states 
and behavior inform concerning 
another system of interest
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Interoperable digital twins allow us to understand
complex systems

Redeployable
DT function in multiple 

organizations

Modular
DTs interface with other DTs

Scalable
DTs grow with a company’s 

resources
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Each individual digital twin provides a view of a subsystem
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The aggregation of subsystem twins describes a supersystem
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Pendulum case study considers the composition of 
subsystems
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Two sides of model use: semantics and behavior

Semantics: what the system is Behavior: what the system does
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Behavior is given by constraints on the system state-space

J. C. Willems, “The Behavioral Approach to Open and Interconnected Systems,” IEEE Control Systems Magazine (2007)
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Behavior is given by constraints on the system state-space

𝜃!"# = 𝜃! +𝜔Δ𝑡	

𝜔!"# = 𝜔! + 𝛼Δ𝑡	

𝛼 =
𝑔
𝑙
𝑠𝑖𝑛 𝜃
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Behavioral constraints collectively form a Constraint Hypergraph
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Morris, J., Mocko, G., & Wagner, J. (2025). Unified System Modeling and Simulation via Constraint Hypergraphs. J. Comput. Inf. Sci. Eng.
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Constraint Hypergraphs can be immediately combined to show 
the behavior of a supersystem
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Morris, J., Mocko, G., & Wagner, J. (2025). Unified System Modeling and Simulation via Constraint Hypergraphs. J. Comput. Inf. Sci. Eng.
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Demonstration: Microgrid Digital Twin



15 of 34

Physical Microgrid at Naval Postgraduate School
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Previous Imperative Modeling of Microgrid

C. J. Peterson, “Systems Architecture Design and Validation Methods for Microgrid Systems,” Master’s thesis, Naval Postgraduate School, Monterey, CA, 2019
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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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Declarative simulation provided by ConstraintHg
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Autonomously observes and simulates the real system
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Goal is to show how aggregation reveals combined 
system behavior
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Case I: Trivial Aggregation
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Semantics given via SysML 
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Lack of bidirectional arrows reveals no behavioral 
interaction between subsystems
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Case II: Emergent Behavior
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Dynamic behavior must be specified a priori in the 
descriptive model
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𝜃!"# = 𝜃! +𝜔Δ𝑡	

𝜔!"# = 𝜔! + 𝛼Δ𝑡	

𝛼 =
𝑔
𝑙
𝑠𝑖𝑛 𝜃

Interactions between subsystems are given by manually 
prescribed behaviors
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4𝛼$ =	− 𝑐𝑜𝑠 𝜃$ 𝛼% 𝑐𝑜𝑠 𝜃% −𝜔%& 𝑠𝑖𝑛 𝜃% − 𝑠𝑖𝑛 𝜃$ 𝛼% 𝑠𝑖𝑛 𝜃% +𝜔%& 𝑐𝑜𝑠 𝜃% + 𝑔
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Because the graph is the same as Case I, it cannot be 
automatically differentiated
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𝑥̈$ =	𝛼% cos 𝜃% −𝜔%& sin 𝜃%

𝛼$ =	− 𝑥̈'cos 𝜃$ − sin 𝜃$ ̈𝑦$ + 𝑔

𝑙()!*? ⇐ 𝑙% = 1 ∧ 𝑙$ = 1

Because the graph is the same as Case I, it cannot be 
automatically differentiated

5

6

7

8𝑦̈$ = 𝛼% sin 𝜃% +𝜔%& cos 𝜃%
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𝑥̈$ =	𝛼% cos 𝜃% −𝜔%& sin 𝜃%

𝛼$ =	− 𝑥̈'cos 𝜃$ − sin 𝜃$ ̈𝑦$ + 𝑔

𝑙()!*? ⇐ 𝑙% = 1 ∧ 𝑙$ = 1

The graphs aggregate immediately and reveal the emergent 
chaotic behavior
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8𝑦̈$ = 𝛼% sin 𝜃% +𝜔%& cos 𝜃%
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No new nodes are added in the merger, only edges

𝑥̈$ =	𝛼% cos 𝜃% −𝜔%& sin 𝜃%
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• Systems can be aggregated through a CHG 
by merging models along common 
variables (nodes)

• Problems arise from a lack of specificity in 
the supersystem model

• Increasing specificity a priori such as with a 
descriptive model enables aggregational 
interoperability

Takeaways
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Digital twin interoperability requires 
frameworks that can specify behaviors

Information about 
Constraint Hypergraphs
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