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Motivation:

Understanding complex systems
requires integration of heterogeneous
iInformation and models




A digital twin Is a system whose states
and behavior inform concerning
another system of interest




Interoperable digital twins allow us to understand
complex systems
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Redeployable Modular Scalable
DT function in multiple DTs interface with other DTs DTs grow with a company’s
organizations resources



Each individual digital twin provides a view of a subsystem

@ onshape = Crankshaft CHG Demonstration vain & ® ® [Bo i 0 Ho L & 0
BEhossen BEPBO-O-OA-40EE B @ 6 Ev Bv B H
oy eor ype
B reawesz9) T 11 O
B ¥ Octauttgeometry

(8 Sketch-Extrude_start -

8 Extrude-Webl_1

®

8 Extrude-Pint

6

' Extrude-Web 2

Task Number

Q-

Search tools.

20

T

30 40 50
Days

Initial

Midway

A
A
A
A
A

Queued

bdd [Package] Pendulum)
Pendulum Bob

parts values
bob : Bob mass : kg
tether : Tether

values Tether
X:m values
y:m l:m
g:m/s2 Idot : m/s
theta : rad Iddot : m/s2
thetadot : rad/s k: kg/m2
thetaddot : rad/s2 10:m

A

A

GND$
1KQ R1
GND

A

Completed

1V Input Signal

e

N

12V OPAMP Supply

3V Output

GND




The aggregation of subsystem twins describes a supersystem
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Pendulum case study considers the composition of
subsystems




Two sides of model use: semantics and behavior

~
«ref part»
H singlePendulumEnvironment
«part» :>> systemEnvironment
g singlePendulumSyst
staticSPPin : RevoluteJoint em: attributes
FendulumSyStem = earthG:>>g=-9.81[m/s*2]
hingedSupportSP :>> support 4 =1 planarSP :>> coordinateSystem

fixedEnd :> armEndpoint

g «part»
singlePendulumArm[1] :>> pendulumArm

attributes

“length :>> ISQBase::length

“mass :>> [SQBase::mass

“theta :>> ISQSpaceTime::angularMeasure
“omega :>> ISQSpaceTime::angularVelocity
“alpha :>> ISQSpaceTime::angularAcceleration

oo

1

L

freeEnd :> armEndpoint

Semantics: what the system is

Behavior: what the system does




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)




Behavior is given by constraints on the system state-space
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Behavior is given by constraints on the system state-space

a=%sin6 o
wtl =i +art O

it =9l + wAt ©




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.



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.




Demonstration: Microgrid Digital Twin

Data Center Batteries

Solar Array

Medium Building

Large Building




Physical Microgrid at Naval Postgraduate School
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Previous Imperative Modeling of Microgrid
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425 i DA
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427 Gen_Demand = -x(pos.Gens,n);
428 T N7 S ST T W R
429 if any(Gen_Demand > [Gens.Capacity]"') : . i i . 4 : . i :
430 [l %If the B2 to Bl Buss line or BT1 line is iiisds : : i
431 | %exhausted cannot utilize ESS to make up gi' pas ans mement ;
432 if MG_State.B2_B1l(n) == false || MG_State.: : ;i
433 || BT1_Charge(n) < 0 ::: : i
434 H—] % Below line was useful for debugging ;3% : : -
435 - % disp("Gens Overloaded at time step " o
436 L Overload.Gens = true; o | | ; ; ; ; ; i ; ; 2 i3 : ] Generator 1 Generator 2
437 else =
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450 end
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C. J. Peterson, “Systems Architecture Design and Validation Methods for Microgrid Systems,” Master’s thesis, Naval Postgraduate School, Monterey, CA, 2019




Transformed CHG contains 594 nodes and 334 edges
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Includes all kinds of simulation and modeling
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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




Case I: Trivial Aggregation




Semantics given via SysML

«ref part»
H singlePendulumEnvironment

«part» :>> systemEnvironment
g singlePendulumSyst
staticSPPin : RevoluteJoint em: attributes
PendulumSystem
y =l earthG:>>g=-9.81[m/s"2]
hingedSupportSP :>> support [=l planarSP :>> coordinateSystem
- J
fixedEnd :> armEndpoint
— A
E «part»

singlePendulumArm|[1] :>> pendulumArm

attributes

*length :>> ISQBase::length

“mass :>> ISQBase::mass

“theta :>> ISQSpaceTime::angularMeasure
“omega :>> ISQSpaceTime::angularVelocity
*alpha :>> ISQSpaceTime::angularAcceleration

1 /

L

freeEnd :> armEndpoint

(DODEE




Lack of bidirectional arrows reveals no behavioral
interaction between subsystems
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Case ll: Emergent Behavior




Dynamic behavior must be specified a priori in the
descriptive model

«ref part»
H doublePendulumEnvironment :>>
systemEnvironment

. . . «part»
staticDPPin : RevoluteJoint 5 doublePendulumSystem : PendulumSystem attributes
hingedSupportDP :>> support =l earthG:>>g=-9.81[m/s"2]
= planarDP :>> coordinateSystem
- J
fixedEndDP :> armEndpoint freeEndDP :> armEndpoint
s [ ] N e Dﬂ
«part» «part»
= tetheredArmDPJ[1] :>> H freeArmDP[1] :>>
pendulumArm pendulumArm
attributes attributes
= lengthA :>> length = lengthB :>> length
[=] massA :>>mass [=] massB :>>mass
= thetaA :>>theta [= thetaB :>> theta
=1 omegaA :>>omega (=l omegaB :>> omega
=l alphaA :>> alpha = alphaB :>> alpha
- —1 J N J

—
tetheredEndDP :> armEndpoint LlJ dynamicDPPin : RevoluteJoint LlJ attachedEndDP :> armEndpoint




Interactions between subsystems are given by manually
prescribed behaviors
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Because the graph is the same as Case |, it cannot be
automatically differentiated
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Because the graph is the same as Case |, it cannot be
automatically differentiated
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Because the graph is the same as Case |, it cannot be
automatically differentiated
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The graphs aggregate immediately and reveal the emergent
chaotic behavior
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No new nodes are added in the merger, only edges
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Takeaways

« 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




Digital twin interoperability requires
frameworks that can specify behaviors
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